Studies in photonuclear reactions by Sherwood, Trevor Raymond
STUDIES IN PHOTONUCLEAR REACTIONS
A thesis submitted to 
The Australian National University 
for the degree of
Doctor of Philosophy
by
T. R. Sherwood
May 1962
PREFACE
G- 3 % S c S
(i)
This thesis is concerned with experimental 
studies of photonuclear reactions performed with 
bremsStrahlung radiation from the 33 MeV electron 
synchrotron at the Australian National University, 
Canberra.
Some of the work described was in collaboration
with other students and members of the staff of the
Department of Nuclear Physics. The measurement of
1 6the Li (y,p)He excitation function described in 
Chapter IV was performed jointly by Mr. A. G. Gregory 
and myself, with the advice and active supervision of 
Professor E. W. Titterton. The experiments with the 
titanium isotopes were suggested by Dr. W. E# Turchinetz 
who shared the task of irradiating the targets and 
measuring the residual radioactivity, while the measure­
ments of the isomer ratios described in Chapter VI were 
performed with Dr. J. H. Carver and Mr. G. E. Coote who 
also assisted with the measurement of the Br 7(y,n) 
excitation function.
I wish to acknowledge the assistance of Mr. A. Bull 
and Mr. J. Gower for their part in maintaining and 
operating the electron synchrotron. I am grateful to
(ii)
the Australian National University for the award of a 
Scholarship, during the tenure of which these studies 
were carried out.
Some of the work described in this thesis has been 
reported or submitted for publication in the journal 
"Nuclear Physics"
(i) Some Photodisintegration Reactions in the 
Titanium Isotopes (with W. E. Turchinetz) 
Nuclear Physics 2% (19^2) 292
(ii) The Li (Y,p)He Reaction (with A. G. Gregory 
and E. W. Titterton)
Nuclear Physics (in the press)
(iii) Isomeric (Y>n) Cross-section Ratios and the 
Spin Dependence of the Nuclear Level Density 
(with J. H. Carver and G. E. Coote)
Nuclear Physics (in the press)
In addition the author read a paper entitled
Analysis of Photonuclear Reaction Cross- 
sections from Residual Radioactivity 
Measurements
at the First Conference on Automatic Computing and Lata 
Processing in Australia, held in May 1960 in Sydney.
No part of this thesis has been submitted for a
degree at any other university.
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CHAPTER I
NUCLEAR FHOTODISINTEGRATION: 
SOME CURRENT VIEWPOINTS
1*1 Introduction
Progress in the theory of photonuclear reactions has 
been achieved principally through the extensive use of reaction 
models. These models have been the basis for obtaining 
theoretical estimates of the broad features of photon induced 
reactions. In medium- and heavy-weight nuclei, the predicted 
position, width and magnitude of the 'giant* resonance are 
generally in agreement with the experimentally determined 
values. The use of different models and even modifications of 
the same model however can lead to marked differences when the 
prediction of more detailed features is made. In particular, 
measurements of the energy spectra of emitted particles, the 
relative yield of different types of particle and the investi­
gations of any 'structure' in the activation function should 
help to distinguish the more successful models. These measure­
ments have not been made with sufficient accuracy to allow a 
critical assessment of the different models. However, for 
interactions involving discrete levels in light nuclei, shell 
model calculations are needed to establish the level properties
2before a useful comparison with experimental results can be 
made*
The main reason for the lack of accuracy in the experimental 
results is the necessity to use as photon sources electron 
accelerators producing bremsstrahlung, if investigations over a 
large energy range are to be made* It may be that present attempts 
to obtain gamma rays, with a narrow range of energy, from brems­
strahlung produced by high yield linear accelerators and betatrons 
(Mi60, 0’C6l) will succeed in enabling results to be obtained that 
can be interpreted more readily and unambiguously than at present. 
Measurements with such radiation could indicate the significant 
details of various models and enable closer limits to be set to 
their validity. However, it is still important to probe these 
limits with the facilities more readily available in order that 
the successes and the shortcomings of the currently accepted models 
may be delineated as well as possible*
It is intended in this introductory chapter to mention the 
salient points of the more important models, to indicate the 
relationships that have been shown to exist between models and to 
revise, briefly, the position of the models within the framework 
of the formal theory of nuclear reactions. The formal theory is 
dealt with in a simplified version by Blatt and Weisskopf (B152) 
and is the subject of a comprehensive article by Lane and Thomas 
(La58). Other reviewers (Pe55> Br59) have also discussed this
topic
31.2 Reaction Models
In the development of theories of photonuclear reactions, 
for all but the lightest nuclei, attention has been concentrated 
on three types of models. These were, in historical order of 
introduction, the evaporation model of Bethe (Be40) and of 
Weisskopf and Ewing (We40), the collective model of Goldhaber 
and Teller (Go4ö) and the independent particle model which was 
first proposed by Courant (Co5l) and later successfully modified 
by Wilkinson (Wi54, Wi56). A number of review articles (Le54, 
Ti55> Bi57> De57> Wi59) and. a book (Le60) have been published 
and include detailed discussions of the various models and their 
development.
One requirement of any model is that it must lead to results 
which are consistent with those predicted by the sum-rules 
associated with the absorption of electromagnetic radiation (Le60)
1.2.1. The Evaporation Model
The evaporation model (We40) which is applicable whenever 
any nuclear reaction is considered, arose as an extension of the 
Bohr hypothesis (B036) that the cross-section for a nuclear 
reaction can be expressed as the product of two independent 
factors; one is the cross-section for the capture of the 
incoming particle into a compound nucleus and the other is the 
probability that the compound nucleus will decay giving the
4required, reaction products. This assumption is valid for a 
reaction in which only one resonance level is excited and, in 
the evaporation theory, it is assumed that it is still valid 
when the energy of excitation is sufficient to involve many, 
overlapping energy levels in the intermediate nucleus.
Originally, reactions initiated by photons were not 
included, but in subsequent treatments, e.g. (Fe47) they have 
been treated by analogy. Lane and his collaborators (La58, La59a, 
La59b) have discussed the role of photons in nuclear reactions.
The absorption cross-section cannot be readily derived since 
a detailed knowledge of the electromagnetic matrix elements is 
required: Blatt and Weisskopf (B152) consider transitions from
the ground state to a number of levels lying within a small energy 
range and assume that the ratio of the average of the squared 
matrix elements to the average level spacing in this range is 
constant for transition energies below a fixed maximum and zero 
above it, and use this assumption to estimate the absorption cross- 
section. The cut-off is imposed so that the sum-rule can be 
satisfied. Lane and Lynn (La591>) use semi-empirical data for the 
absorption cross-section to calculate radiative capture cross- 
sections.
However, the evaporation model can be used to calculate the 
relative cross-sections of reactions resulting from different modes 
of decay of the compound nucleus without involving a knowledge of
5the absorption cross-section.
It was found quite early in the study of photonuclear 
reactions (Hi4ö) that the ratio of the cross-section for the 
(Y,p) reaction to that for the (Y,n) reaction was too large, by 
several orders of magnitude, compared with the ratio calculated 
using the evaporation model, for many medium- to heavy-weight 
nuclei. In addition the energy spectrum of the emitted particles 
has been found in many experiments to have more high energy 
particles than expected for an evaporation process. This 
departure from the evaporation model was first commented on by 
Diven and Almy (Di50) who observed photoprotons from silver, while 
Curtis et al. (Cu50) obtained similar results with rhodium.
Recent measurements of the fraction of high energy photo­
neutrons from the heavy elements gold, tantalum and bismuth (Au59> 
As60, Wa6l) show that this can range between 1C$ and 20^ of the 
total yield. However, with medium weight nuclei this fraction is 
not as large. Byerly and Stephens (By5l) found that the photo­
neutrons from copper appear more nearly to have an evaporation 
spectrum.
1.2.2 The Independent Particle Model
To account for the large proton yields in heavy nuclei,
Courant (C051) calculated the emission of particles supposing 
that the reaction involved the gamma ray and a single nucleon only.
6By abandoning the Bohr hypothesis he was able to obtain a 
larger estimate for the proton yield relative to the neutron 
yield but failed by a factor of approximately ten to calculate 
the observed ratio.
Wilkinson (Wi54, Wi56) improved Courant’s results by 
retaining and emphasising the resonant nature of the nucleon 
transitions between single particle shell model states. Since 
only electric dipole radiation is considered important in the 
giant resonance region the final single particle state angular 
momentum differs from the ground state value by not more than 
one unit. The effectiveness of the independent particle model 
as handled by Wilkinson can be briefly summarised under three 
main headings: a) the position of the maximum of the giant 
resonance as a function of atomic mass; b) the width of the 
giant resonance; c) the relative yields of emitted particles.
a) The first point is that Wilkinson predicts the occurrence 
of a resonant cross-section; he shows that the important 
transitions have a small energy range. However, the simplest 
calculations for particles in a finite square will give too 
small a value for the position of the giant resonance. Rand (Ra57) 
obtained better agreement with experimental values by using a 
velocity-dependent well potential and assuming an effective nucleon 
mass within the well of approximately half the normal value. It 
should be noted that the ordering of the levels given by Rand’s
7work is different from that given by Mayer and Jensen (Ma55)
for the shell model with spin-orbit coupling*
Recent work (Br6la, Br6lb, Ca60, Ba6l) has shown that good
agreement with the experimental data can be obtained without the
concept of an effective mass equal to half the normal value
provided the effect of residual interactions is taken into
account. Carver and Peaslee (Ca60) have fitted a curve of the
form Eg = (aA” 1^  + b) MeV, where A is the mass number, to the
observed values of the giant resonance maxima E for closed
S
shell nuclei. They obtain values a = 4-0 + 6 and b = 7*5 +1*5
and attribute the existance of b to the presence of residual
hole-particle interactions. This result can be compared with
the predicted value of Levinger (Le55) and Weisskopf (We57) who 
-I/3give E = 42A ' MeV, where E corresponds to the shell model €> &
level spacing when the harmonic oscillator potential is used.
This latter value is near the spacing observed in the (d,p) 
experiments of Cohen et al. (C06O). As Wilkinson points out 
(Wi55b) this does not invalidate the independent particle model; 
however, it does highlight the difficulty that arises if an 
attempt is made to determine the position of the giant resonance 
peak value with a simple shell model calculation.
Specific shell model calculations which include residual 
interactions have been carried out for the 1 doubly-magic' nuclei 
(Br6la) and Ca^° (Br6la, Ba6l). The zero order approximation
8fo r  the  t r a n s i t i o n  en erg ies  used as the  s t a r t i n g  p o in t fo r
40th e  c a lc u la t io n s  on Ca by Balashov e t  a l .  was ob ta ined  from
th e  e m p ir ic a lly  known s in g le  p a r t i c l e  le v e ls  f o r  th e  n u c le i w ith
A = 41 and th e  h o le  le v e ls  fo r  n u c le i  w ith  A = 59« 'Ehe form er
le v e ls  were determ ined  from th e  experim ental r e s u l t s  o f C lass e t
a l .  (C159) fo r  th e  C a^°(d ,p) and C a^°(d,n) r e a c t io n s ;  b u t,
a p a r t  from th e  known b ind ing  e n e rg ie s  of th e  l a s t  neu tron  and
p ro to n , no experim ental in fo rm atio n  was a v a i la b le  fo r  them to
f i x  the  re le v a n t  h o le  le v e l  e n e rg ie s  a c c u ra te ly . An in te r e s t in g
fe a tu re  of th i s  c a lc u la t io n  i s  th a t  th e  d if f e r e n c e s  between th e
c a lc u la te d  t r a n s i t i o n  e n erg ies  and th e  zero  approxim ation  v a lu e s ,
16u n lik e  th e  0 ca se , do not exceed about 3 MeV, and a re  sm all 
compared w ith  th e  d if fe re n c e s  between the  e m p iric a l v a lu es  o f the 
zero  approxim ation  and th e  v a lu es  th a t  o b ta in  f o r  a sim ple square 
w e ll .  This shows th a t  some r e l ia n c e ,  i f  on ly  th e  a b so rp tio n  
c ro s s -s e c t io n  is  co n sid e red , can be p laced  on th e  c a lc u la t io n s  of 
Neudachin e t  a l .  (Ne60), who g ive only th e  zero  o rd e r approx im ation , 
based on in te rp o la te d  em p irica l in fo rm atio n , fo r  n u c le i w ith  
40 A 65 •
b) The w idth  o f th e  g ia n t  resonance can be c a lc u la te d  u s in g  
th e  independent p a r t i c l e  model i f  the  en e rg ie s  o f th e  t r a n s i t io n s  
a re  known. W ilkinson (Table V, Wi59) summarises the  th e o r e t ic a l  
p re d ic tio n s  of th e  w idth  fo r  n u c le i  w ith  A ran g in g  between 51 and 
209 and compares them w ith  th e  experim ental v a lu e s . These w idths
9a re  c a lc u la te d  u sin g  R and's scheme of le v e ls  and an e f f e c t iv e  
mass o f one h a lf  i s  assumed. A ll except one o f th e  th i r t e e n  
p re d ic te d  w idths a re  too  la rg e  by amounts between 0.5 and 3*5 
MeV; th e  average excess i s  about 1.5 MeV.
This exam ination re v e a ls  th a t  the sim ple s h e l l  model does
n o t le ad  to  a s u f f ic ie n t ly  c lo se  c lu s te r in g  o f the  en erg ies  of
the  im portan t t r a n s i t io n s .  This i s  w ell i l l u s t r a t e d  i f  R and 's
40method i s  a p p lie d  to  th e  nuc leus Ca and the  r e s u l t s  compared 
w ith  those ob ta ined  by Balashov e t  a l .  The d if fe re n c e s  a re  
s t r ik in g ;  the t r a n s i t io n  w ith  th e  l a r g e s t  s tre n g th  occurs a t  
about 20 MeV in  both  cases  bu t in  the  c a lc u la t io n  fo llow ing  
Rand, th e  p a r t i c u la r  t r a n s i t i o n  i s  ( ld ^ /2 -  1 f w h i l e  Balashov 
e t  a l .  g ive  a mixed t r a n s i t io n  which has the  (id^A? “ ^ 7/ 2 ^*
(2s ^ /2 -  2 p ^ /;() and ( ld e /2 ~ 2 p ^ 2) 't r a n s i t io n s  as main components. 
Furtherm ore, in  th e  l a t t e r  c a lc u la t io n  t h i s  t r a n s i t io n  g iv es  r i s e  
to  n e a r ly  a l l  th e  a b so rp tio n  w hile in  th e  f i r s t  c a lc u la t io n ,  
t r a n s i t io n s  w ith  ap p re c ia b le  s tre n g th  have en erg ies  ran g in g  from 
12 to  J>0 MeV. This com parison i s  im portan t because the  c a lc u la t io n s  
a re  fo r  a nucleus w ith  c lo sed  s h e l l s  and should s e t  th e  p a t te r n  fo r  
the  medium-weight n u c le i  in  which the  1 f ^ 2 su b -sh e ll  i s  p a r t ly  
f i l l e d .  W ilkinson has argued (Wi59) th a t  the  e f f e c t  of th e  presence 
of valence  nucleons is  m ainly to  widen th e  resonance because of the 
s p l i t t i n g  of the c lo sed  s h e l l  t r a n s i t io n s  and th a t  a  m ajor r e d i s t r i ­
b u tio n  of t r a n s i t io n  s tre n g th s  i s  no t l i k e ly .
10
o) In principle, the independent particle model can 
account for the high relative yields of protons observed in 
(Tip) reactions* However, because of a dearth of information 
concerning the energies of the excited states as well as the 
mixing of single particle configurations in these states, very 
few quantitative calculations can be made. The picture 
Wilkinson (Wi56) presents consists of the resonant absorption 
of the incident radiation and then competition between direct 
emission on the one hand and capture into the compound nucleus 
with subsequent decay by evaporation on the other. This view 
is engendered principally by the approximation that a reaction 
cross-section can be calculated by first determining the allowed 
transitions and calculating their strengths to obtain the 
absorption cross-section and then multiplying this by the 
probability that the decay occurs by the emission, either 
directly or by evaporation, of a particular product* Thus each 
reaction can be regarded as having a direct and a compound 
nucleus component.
The difficulty in predicting particle escape widths arises
from a lack of accurate information about the energy difference
between the various excited levels and the top of the nuclear
potential well, since the barrier penetrabilities are very
dependent on these differences. A good example illustrating
40this dependence involves the emission of neutrons from Ca in
11
the (y,n) reaction. If the empirical excited single particle 
levels are used for the zero order approximation, this 
approximation will give zero widths for the direct escape of 
neutrons because all the levels involved are bound. Calculations 
including residual interactions show that dipple transitions 
result in unbound neutron levels and that neutron emission is 
small but possible.
Usually, the important transitions result in the residual 
nucleus being left in an exoited state. On the Wilkinson model 
these states are ’pure’ hole states while in the form of the 
model that includes the effects of the residual interactions 
these states are mixtures of the simple hole states. This 
corresponds to a sharing of the available energy among more 
than one nucleon in the residual nucleus. It therefore becomes 
difficult to distinguish between this situation and that which 
is due to the capture of an excited nucleon from a single particle 
orbit, forming a compound nucleus. Balashov et al. assume that 
the entire interaction can be described in terms of the direct 
model without referring to the absorption that is related to the 
imaginary part of a complex well, and that this description can 
include the effects of such absorption. These apparently 
different viewpoints probably arise only because attempts are 
being made to describe a complicated interaction with a relatively
simple model
12
1 .2 .3  The C o lle c tiv e  Model
The c o l le c t iv e  model was in troduced  by Goldhaber and 
T e l le r  (Go48) to  account fo r  the resonance in  th e  n u c lea r 
a b so rp tio n  o f photons and th e  r e l a t iv e ly  smooth dependence 
o f the resonance maximum w ith  the  n u c lea r mass. Although t h i s  
model has been su c c e ss fu l f o r  th i s  purpose and a lso  in  
c o r r e la t in g  the  n u c lea r g ro u n d -s ta te  e c c e n t r ic i ty  w ith  the  
w idth of th e  resonance (Danos, Da58; Okamoto, 0k58), i t  does 
n o t enable any d i r e c t  d e ta i le d  p re d ic tio n s  of th e  d e -e x c ita t io n  
p ro cess  to  be made.
The agreem ents between th e  c a lc u la tio n s  based on the 
c o l le c t iv e  model and the  ap p a ren tly  d is s im ila r  independent 
p a r t i c l e  model a re  commented on by Levinger (Le59> S e c t. 5» 3)« 
B rink (Br57) bas shown th a t  a  r e la t io n s h ip  does e x is t  between 
th ese  models. In  th e  sp e c ia l  case in  which th e  harmonic 
o s c i l l a to r  p o te n t ia l  i s  used in  th e  s h e l l  model, the  wave- 
fu n c tio n  of the  s ta t e  e x c ite d  by d ip o le  photon ab so rp tio n  
in c lu d es  a  term  corresponding  to  the  cen tre -o f-m ass  of the 
n eu tro n s . B rink argues f u r th e r  th a t  fo r  more r e a l i s t i c  
p o te n t ia ls  th i s  r e s u l t  w il l  rem ain a  good approxim ation and 
th a t  d e p a rtu re s  from the harmonic o s c i l l a to r  p o te n t ia l  as w e ll 
as  the  in c lu s io n  of r e s id u a l  in te r a c t io n  term s r e s u l t  in  the  
resonance having  a w idth  of sev e ra l MeV.
13
1.3 Formal Theory of Nuclear Reactions and the Nuclear Photoeffect
The complete description of the interaction photons with 
complex nuclei is impossible because it involves many particles and 
particle interactions that are only partially understood. However, 
because of the considerable success obtained in predicting the main 
features of these interactions using the models discussed in the 
preceding sections, it can be assumed that these models emphasise 
important aspects contained in the complete description. In the 
formal theory of nuclear reactions it is assumed that the nucleus, 
or interior region, can be described with the aid of a nuclear 
Hamiltonian function and that the particular eigenfunctions 
corresponding to this Hamiltonian are determined in conjunction 
with a particular set of boundary conditions. The properties of 
nuclear reactions are then described as far as possible without 
detailing the nature of the Hamiltonian in the interior region.
It is found (La58) that the inclusion of special assumptions, 
other than those of causality and the various conservation 
principles, in the formal theory enables results to be produced 
that are similar to the results obtained with the different models. 
The purpose of this section is to review the application of these 
ideas to the theory of photonuclear reactions and at the same time 
to clarify the meanings of some of the terms used.
In the form of the theory first expounded by Wigner and 
Eisenbud (Wi47) a volume of configuration space, corresponding
14
rough ly  to  th e  nu c leu s , i s  d e fin ed  hy a s e t  o f boundary 
co n d itio n s  and known as the  i n t e r i o r  reg io n  o r the compound 
n u c leu s . A s e t  of e ig e n s ta te s  (D , e igenvalues E , i s  a s s o c ia te d  
w ith  the  n u c le a r  H am iltonian fu n c tio n  w ith in  t h i s  re g io n . The 
s t a t e  fu n c tio n  fo r  th e  t o t a l  system w ith  energy E i s  then  
expanded in  th e  i n t e r i o r  as th e  sum
“ (h/4*)¥
s=1
y.a$»
E Es
( 1 . 1)
where yga i s  p ro p o r tio n a l to  th e  am plitude, a t  th e  boundary o f th e  
compound n u c leu s , of th e  outgoing wave in  th e  channel s fo r  an 
incoming wave in  th e  channel a  and i s  determ ined by th e  p ro p e r t ie s  
o f  th e  compound nucleus on ly . I f  only one o f th e  ([) i s  im portan t 
in  th e  expansion (1 •1 ) , a r e a c t io n  c ro s s -s e c t io n  id e n t ic a l  in  form 
to  the  B reit-W igner s in g le  le v e l  form ula fo r  a  reso n an t r e a c t io n  
i s  o b ta in ed . As i s  w ell known, such an ex p re ss io n  can be f a c to r is e d  
in to  two te rm s; the f i r s t  in v o lves only the  incoming p a r t i c l e s  and 
th e  second th e  outgoing p a r t i c l e s ,  and i s  th e re fo re  c o n s is te n t  w ith  
th e  Bohr h y p o th esis  (B036). I f  more than  one le v e l  i s  im portan t 
th i s  f a c to r i s a t i o n  i s  no lo n g e r p o ss ib le  w ithou t making f u r th e r  
assum ptions. This i s  th e  case i f  the  extreme opposite  to  th e  
s in g le  le v e l  one i s  tak en , namely, th a t  the  number o f compound 
nucleus le v e ls  involved i s  ve ry  la rg e .  I f  the  nucleus i s  t r e a te d  
as A p a r t i c l e s  form ing a Fermi g a s , th e  number of le v e ls  p e r MeV
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for excitation energies in the region of the photonuclear 
giant resonance may be of the order of 10^ for medium- and 
heavy-weight nuclei. In this case the 'statistical* assumption 
that the signs of the many y are randomly distributed can be 
made. A further condition is that the strength function s for
channel cl does not vary markedly with energy, (s is defined
2as the sum of the y per unit energy interval of the ES U  3
(Eq. 1•1 ) averaged with respect to an interval of appropriate 
length.) These two conditions lead to the strong absorption 
or continuum theory described by Blatt and Weisskopf (B152).
It should be noted that the development of expressions for 
transmission coefficients by these authors implies both of 
these conditions; Oleska (0156) has made some comparative 
calculations for neutron inelastic scattering using transmission 
coefficients for both the 'strong absorption' theory and the 
'moderate absorption', or optical model, theory in which the 
strength function shows marked variation with energy but she 
finds that it is possible to fit the experimental data in both 
cases.
However, it is not clear that this modification is entirely 
correct since Lane and Thomas (La58) argue that the statistical 
approximation of random signs is probably not valid in an 
independent particle model and it therefore follows that it is
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incorrect to express a reaction cross-section as a product 
of two factors, the first involving the incoming particles 
and the second only the outgoing ones. This, however, is just 
what is done in the calculations of Wilkinson and Rand and 
also those of Balashov et al.
Some justification for this approximation is given in 
the work of Brown and Levinger (Br58) on the direct nuclear 
photoeffect and Lane (La59) on direct radiative capture. In 
both cases expressions are developed for direct reaction 
cross-3ections based on the formal theory in which the 
approximations corresponding to the optical model of Feshbach, 
Porter and Weisskopf (Fe54) are inserted. In these derivations, 
terms that could contribute to statistical model cross-sections 
are dropped although Lane included a calculation of cross-section 
based on the statistical theory alone, while Brown and Levinger 
include a rough estimate of this quantity. The result obtained 
by Brown and Levinger and which is only an order-of-magnitude 
estimate, reproduces Wilkinson’s expression for the ratio of the 
direct and the statistical cross-sections. In these developments 
terms involving residual interactions are not included.
The theoretical ideas commented on in this section are drawn 
from time-independent treatments. The original concept by Niels 
Bohr of the compound nucleus, relates directly to the ‘strong
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absorption* model and the term ‘compound nucleus* is still
often used in this context. The narrow resonances observed
in slow neutron capture indicated the formation of a long-lived
intermediate state and this sense of a long time-scale was
carried over to the continuum theory of Ewing and Weisskopf.
Because the incoming particle interacts immediately with the
constituents of the nucleus, a long time, compared with that
*
required for a nucleon to travel across the nucleus, is 
required before enough energy is concentrated in a single 
nucleon for it to escape. Such description of the temporal 
development of a nuclear reaction is not permissible if only 
a few energy levels are involved, but one is given by Friedman 
and Weisskopf (Fr55) for the continuum region where the 
correspondence principle is valid and the language of classical 
mechanics has some meaning.
In the treatment by Friedman and Weisskopf the so-called 
'shape-elastic* portion of the average cross-section arises from 
the out-going waves that occur immediately after the incident 
particle strikes the nucleus. Interactions such as some (p,p*) 
reactions are best described in terms of the optical model in 
which collisions between individual nucleons overshadow all 
other processes. These 'direct interactions' are associated 
both with a short time-scale and with a coherence in the phases 
of the eigenfunctions of the interior region referred to earlier*
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1 • 4 Conclusion
Most thought about nuclear photodisintegration is based 
on some model whose properties are circumscribed by the sum- 
rules associated with electromagnetic interactions. These 
models embody ideas that for the most part are based on 
classical concepts overlaid with a quantum mechanical cover.
A complete description founded on quantum mechanics is 
impossible because of the inherent difficulties but some 
approximative procedures enable a treatment in some instances.
The most important simplifications in the case of medium- and 
heavy-weight nuclei involve either the statistical assumption 
which leads to the evaporation model and the ’moderate 
absorption* or the optical model assumption which corresponds 
to the independent particle treatment.
The models enable predictions to be made that are 
qualitatively in agreement with measured quantities and 
although quantitative agreement is lacking, particularly with 
respect to the energy spectrum and yield of particles, it is felt 
that this lack would be remedied, on the basis of existing models, 
if more exact parameters for single particle levels were available 
and more detailed shell-model calculations of dipole transitions 
were possible.
In the experiments described in later chapters of this thesis, 
measurements were made of excitation functions for (Y,p) and (Y,n)
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reactions in some medium-weight nuclei as well as a survey
of the ratio of yields of (Y»n) reactions in medium- and
heavy-weight nuclei leading to the ground state and an
isomeric state in the residual nucleus. The only measurement
involving a light-weight nucleus was of the excitation
7 6function for the Li (Y>p)He reaction; this experiment was 
undertaken in an attempt to remove the discrepancy regarding 
the reported structure in the variation of cross-section with 
energy.
Because all the measurements were made using the residual 
radioactivity to estimate the yield of the reaction, no new 
information on the energy spectrum of the emitted particles 
became available. This loss was partly compensated for since 
a number of distinct reactions in the same element could be 
investigated without using separated or partly separated 
isotopes.
In those cases in which reaction cross-sections were 
measured for photon energies from threshold to the neighbour­
hood of JO MeV, the main reliable data obtained consisted of 
integral cross-sections, giant resonance peak energies and 
giant resonance widths. The most detailed shape for any 
excitation function was obtained in the lithium experiment 
but, as with most bremsStrahlung experiments, little reliance 
should be placed on the detailed shapes of the other excitation
20
functions measured.
At the outset of these experiments it was realised 
that the results of any individual measurement was unlikely 
to be of vital importance but the experiments were chosen so 
that in conjunction with measurements made by others it might 
be possible to come to some conclusions regarding the relative 
importance of the different aspects of photonuclear reactions 
as presented by the various models.
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CHAPTER II
TECHNIQUES AND GENERAL PROCEDURE
2.1 Introduction
All measurements of reaction yields described in later 
chapters 7/ere made by determining the intensity of radioactivity 
induced in the target materials. Irradiations of the targets 
7/ere effected by exposing them to the external bremsStrahlung 
beam obtained with the Australian National University electron 
synchrotron. In this chapter details are given of those 
techniques that were used in all the experiments, while special 
methods are described with the particular experiments in which 
they were used.
The techniques to be discussed here include the use of the 
electron synchrotron, the irradiation of targets and the 
measurement of the intensity of the gamma radiation associated 
with the residual activity.
2.2 The Electron Synchrotron
A detailed account of the design and performance of an 
electron synchrotron similar to the one at Canberra has been 
given by Fry et al. (Fr50> G05O). Electrons are accelerated 
up to an energy of 33 MeV, and X-ray beam intensities of about
22
5 roentgens per minute can be produced 1 metre from the 
internal target which is of platinum foil.
2.2.1 Energy Control
The energy of the electrons when they strike the internal 
target can be determined from the magnet current and the radius 
of the position of the target. The radio-frequency accelerating 
field is switched off at the correct time to ensure that the 
electrons, when spiralling inwards, hit the target at the same 
time the excitation current reaches its maximum. The correct 
timing is achieved by referring to the cathode-ray oscilloscope 
display at the control desk. The magnet excitation current is 
obtained from the 5°c/s 240V/main supply. This current is varied 
as different electron energies are required by changing the 
inductance of a choke connected across the capacitor bank used 
to tune the magnet inductance to a frequency of about 50c/s.
Slow fluctuations in the main supply voltage and magnet circuit 
impedance are compensated for by adjusting the inductance of the 
choke with a reversible motor which is controlled by a switch 
that momentarily completes the motor circuit whenever the magnet 
current departs from the desired value by a predetermined amount. 
In this way the electrons’ final energy can be maintained within 
limits of about { ± 0.2) MeV.
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2.2.2 Energy Calibration
The variation of the energy of the accelerated electrons 
with peak magnet excited current can be determined in two basic 
ways; the first involves a measurement of magnetic induction 
at the point where the electrons hit the target, while the 
second consists of determining the threshold energies of 
suitable photonuclear reactions as a function of the exciting 
current. The threshold energies are known from atomic mass 
data; e.g. (Wa57)» Convenient reactions for this purpose are 
Ta^8^(Y>n), Cu^(Y,n) and C^2(Y,n) which have thresholds at 7*7» 
10.8 and 15*1 MeV respectively. The 0 (Y>n) reaction yield was
also measured near threshold but because it does not fall to 
zero smoothly (Ki59) it is not very satisfactory. All these 
reaction thresholds were determined through the residual radio­
activity.
Since it is not feasible to calibrate the synchrotron by 
measuring the magnetic induction at the target, a secondary 
method was used for energies between 20 and J O MeV. This 
consisted of determining the ratio of yields of the reactions 
Cu '7(Y,n) and C (Y»n) as a function of electron energy and 
comparing this with the values obtained at Stanford by Barber 
et al. (Ba55) and Berman and Brown (Be54) with a linear 
accelerator.
Using this method it was generally assumed that the
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energy - magnet-current relationship was linear up to currents 
corresponding to energies of about 28 MeV but that for larger 
currents some curvature resulted from the onset of saturation 
in the magnet. Different calibrations were assumed and the 
copper- to carbon-yield ratios were compared with the Stanford 
values to see if they were in the same proportion at all energies 
from about 17 MeV to 28 MeV. If not the assumed calibration was 
adjusted until a constant proportion was observed and the 
calibration line was also consistent with the measured reaction 
thresholds.
This procedure was followed whenever the magnetic circuit 
of the synchrotron magnet was disturbed or the position of the 
internal target altered during maintenance of the accelerator.
Figure 2.1 shows a typical calibration curve; the vertical axis 
was adjusted until all the points marked lay on the straight line. 
Errors in the energy calibration are not thought to exceed 0.2 MeV.
2.5 Irradiation of Targets
Except in the lithium experiment all the targets were in one 
of the following forms: powder packed in an aluminium can, powder
pressed solid, or metallic foils. In each case they had cylindrical 
shape, with dimensions of -J- inches in diameter and thickness ranging 
from, a few thousands of an inch to about a quarter of an inch. 
Tantalum foils 0.008 inches thick and inches in diameter were
Figure 2.1
Energy Re-Calibration Curve for the Electron 
Synchrotron
It is assumed that the measured copper- to carbon- 
yield ratios are in constant proportion to the 
Stanford values* The synchrotron energies are 
determined from the Stanford values. Choosing 
a particular value of the proportionality constant, 
a trial set of synchrotron energies is determined 
from the measured ratios. The constant is adjusted 
until the calibration points lie on a straight line. 
A small amount of curvature is noticable at high 
energies due to magnet saturation.
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used for monitoring the bremsStrahlung beam. They were placed 
in contact with the target being irradiated, covering both faces, 
and the complete assembly wrapped in cadmium foil to minimise 
the number of slow neutron capture reactions. The targets were 
placed in a position as close as possible to the bremsStrahlung 
beam source where the beam width was about half an inch in 
diameter.
Irradiation periods which depended on the half-lives of the 
radioactive isotope being investigated, rarely exceeding 1-J- times 
any half-life of an isotope for which an accurate measure of the 
yield was required. For long-lived isotopes a compromise was 
made between obtaining a high yield and reducing total experiment 
running time; exposure times seldom exceeded three hours.
2*4 The Gamma-Ray Spectrometer
In most instances the residual radioactivity was detected 
through the gamma activity, using a Nal(Tl) crystal scintillation 
spectrometer. The cylindrical thallium-activated sodium iodide 
crystal, measuring 1-g- inches in diameter and 2 inches in length, 
was manufactured and mounted in an aluminium casing by the 
Harshaw Chemical Company.
The gamma-ray detector consisted of the sodium iodide crystal 
mounted on a Dumont Type 6292 photomultiplier, and was shielded by
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3 inches of lead and an. inner sheath of mercury 1 inch thick. 
The mercury was contained in a mild steel vessel with a wall 
thickness of i inch. The internal dimensions of the shielding 
castle were those of a cylinder 12 inches in diameter and 18 
inches in height. The main source of background activities 
registered by the detector in this shielding castle was the 
natural thorium and uranium content in the materials of the 
detector and the castle itself. A noticeable feature of the 
energy spectrum of the background was a peak due to fluorescent 
X-rays, with an energy of about 7^ keV, from the mercury. The 
following' background counting-rates over energy ranges 
corresponding to the spread of the gamma-ray photopeaks for 
the given gamma-ray energies are typical: 55 keV, 9 c/min;
160 keV, 11 c/min; 511 keV, 6 c/min; 1120 keV, 2.7 c/min;
1310 keV, 1.9 c/min.
The voltage pulses from the detector were fed via a 
cathode-follower preamplifier mounted inside the castle to a 
Higginbotham non-overloading linear amplifier and analysed 
either by a 100 channel Hutchinson-Scarrott pulse height 
analyser or single-channel analysers. The investigation of 
the decay of the gamma-ray activity usually has two phases.
The first is the exploratory phase when a new material is 
irradiated and the general nature of the ray spectra is 
determined. The multichannel instrument is most useful for
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this purpose. The second stage consists of following the decay 
of the activity from similar targets irradiated at different 
synchrotron energies. The main advantage of the multichannel 
analyser is the ease with which the voltage gain of the detector 
and amplifying system can be checked, and if the changes are 
small, corrections applied* However, to offset this advantage, 
counting rates were limited by the dead-time of about 0*9 msec, 
and the information stored by the analyser was available only as 
a visual binary display. Counting rate losses because of dead­
time were never allowed to exceed about 10^.
The main reason for variations in the voltage gain of the 
system was thought to be due to fluctuations in the gain of the 
photomultiplier. An Isotopes Development Laboratory high voltage 
supply with good stability was used in conjunction with the 
photomultiplier but it was still found necessary to make frequent 
measurements of the energy calibration of the spectrometer.
Using gamma-rays with energies ranging between 3° keV and 2 MeV, 
the relationship between gamma-ray energy and channel number on 
the Hutchinson-Scarrott analyser was found to be linear within 
V/o and consequently it was only deemed necessary to check the 
energy calibration at two points.
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2»5 Gramma-Hay Detection Efficiencies
The gamma-ray spectrometer can be used, with fair accuracy, 
in a quantitative manner. The overall counting efficiency £ of 
a system when the source emits a single gamma-ray per disintegration 
is given by
where V is the volume of the radioactive source, s
Pj. is the probability that a gamma-ray emitted in the solid
angle element reaches the detector and interacts with it,
F„ is the fraction of the interactions recorded,K
A is the probability that the gamma-ray is absorbed in s
the source,
A^ is the probability that the gamma-ray is absorbed in 
any substance interposed between the source and the detector. 
Backscattered radiation is ignored in this expression.
If the absorption terms are replaced by some average values 
which depend on the relative positions of the source and detector, 
and only those events are recorded for which the total energy of 
the gamma-ray is dissipated in the sodium iodide crystal, the 
expression (2.1) can be written as
s
(2.1)
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e = ( 1 - < A > ) ( 1 - < A >  )f. (l/4*) r< PI dft
The problem of determining the efficiency is split into 
three parts: (a) finding the intrinsic efficiency given by
the double integral, (b) finding a suitable approximation 
for the absorption terms, and (c) measuring the peak-to-total 
ratio Fr.
(a) Intrinsic efficiencies for different sizes of sodium 
iodide crystals have been calculated by numerical integration 
for point, line and thin disc sources in cylindrically 
symmetrical geometries by Vegors et al. (Ve58) and this set
of tables has been used exclusively when direct measurements 
of efficiencies have not been made*
(b) Exact calculations of A^ and A^ , can be made for two
extreme geometrical arrangements: (i) when the gamma-ray
beam is perfectly collimated, (ii) when both the source and 
external absorbing material consist of parallel faced slabs 
subtending a solid angle of 2% at the detector. The solutions 
for the first case are well known and, for the second case, 
solutions are given by Mulholland (Mu52). In practice, 
arrangements between these extremes occur and approximate 
solutions can be obtained by averaging those for (i) and (ii) 
with weights depending on the average solid angle involved. 
Because only total-energy events are counted, any absorption
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process results in the gamma-ray not being recorded. Total 
absorption coefficients from the tables prepared by Davisson 
(Da55) were used to calculate the absorption factors*
(c) Peak-to-total ratios were taken from the graphs given 
by Yegors et al., since direct measurements would be inaccurate 
because of backscattering. It was considered that photopeak 
efficiencies calculated from the intrinsic efficiencies and 
these peak-to-total ratios would be independent of any back- 
scattering effect and would give values applicable to any 
spectrometer.
2.5*1 Effects due to Multiple Emission of Gramma-Rays
The calculations described in the previous section are 
more complicated if gamma-rays of different energies are emitted. 
The pulse height spectra in the regions corresponding to the 
photopeaks of the lower energy gamma-rays are complicated by 
the pulses caused b}r the Compton electrons scattered by the 
higher energy radiation. Under these circumstances, some 
knowledge of the complete pulse-height spectrum is required 
for the higher energy gamma-rays. Unfortunately the detailed 
shape of the spectra of monoenergetic gamma-rays has to be 
obtained under exactly the same conditions as the more complex 
spectra being analysed. If there are a few higher-energy 
gamma-rays or their total intensity is low, it is often
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s u f f i c i e n t  when d e te rm in in g  th e  co u n ts  in  a  pho topeak  to  
s im ply  e x t r a p o la te  down from  th e  h igh  energy  p a r t  o f the  
observed  spectrum  to  o b ta in  th e  c o n t r ib u t io n  to  be 
s u b tr a c te d .
A f u r th e r  c o m p lic a tio n  a r i s e s  i f  gamma-rays a re  e m itte d  
in  c a sc a d e . Because o f  th e  co incidence-sum m ing e f f e c t  (La55)> 
some co u n ts  a re  l o s t  from  each pho topeak . The m agnitude o f 
t h i s  e f f e c t  u nder ty p i c a l  c o n d itio n s  i s  in d ic a te d  in  s e c t io n
2 . 6 . 1 .
2 .6  R e la t iv e  D e te c tio n  E f f ic ie n c i e s
The acc u racy  o f a b s o lu te  photopeak  e f f i c i e n c i e s ,  
d e te rm in ed  by th e  method o u t l in e d  in  s e c t io n  2*5» depends 
m ain ly  on th e  accu racy  w ith  w hich th e  s o u rc e -d e te c to r  
d is ta n c e  i s  known and on th e  m agnitude o f  th e  a b s o rp tio n  
te rm s. E r ro r s  o f th e  o rd e r  o f  20°fo a re  to  be ex p ec ted .
However, because o f  th e  d i f f i c u l t y  o f making an a b s o lu te  
m easurem ent o f th e  b rem sS trah lu n g  i n t e n s i t y ,  a l l  y ie ld s  were 
r e l a t e d  to  th e  y ie ld  f o r  th e  Cu 'AYjn) r e a c t io n  c a lc u la te d  
from  th e  c r o s s - s e c t io n  g iv e n  by Berman and Brown (B e54). 
Subsequent m easurem ents o f t h i s  c r o s s - s e c t io n  a t  14.8 and 
17*6 MeV (Co61,  Ya60) show th a t  th e  r e s u l t s  o f Berman and 
Brown a re  p ro b ab ly  s u b je c t  to  a sy s te m a tic  e r r o r  am ounting
32
to about jOfi, If this is true then all cross-sections 
given in this thesis should be decreased proportionately*
For the purpose of comparison, however, it is convenient 
to retain the values obtained by Berman and Brown.
Since a full treatment of the reduction of the residual
radioactivity data to obtain values of reaction cross-sections
is given in Chapter III and in Appendices I and II, it is
sufficient to remark here that only detection efficiencies
relative to that for the 511 keV annihilation radiation from
62CuJ is required. Because of the lower yields obtained when 
making measurements at energies below the maximum value 
possible with the electron synchrotron, the yield curve for 
a reaction is usually obtained in arbitrary units using a set 
of thick but similar targets. It then requires that the yield 
scale be fixed with respect to the Cu ^(y^n) yield at a single 
value of the synchrotron operating energy, usually 3^ MeV.
The most straightforward procedure is to irradiate 
simultaneously two disc targets, one of which is copper, and 
count the gamma-rays from each in the same geometric arrangement. 
The targets should be sufficiently thin for the self-absorption 
corrections to be small. The relative gamma-ray detection 
efficiencies given by the tables of Vegors et al. are not very 
sensitive to the assumed detector-source spacing. The 
irradiation time should be limited to about a period equal
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to  the  s h o r te s t  h a l f - l i f e  a s so c ia te d  w ith  th e  gamma-rays
62"being observed (Ti = 9»73 min. fo r  Cu ) .  When d e a lin g  
' S
w ith  a n n ih i la t io n  r a d ia t io n  the source o f the  511 keV gamma-
ra y  i s  not lo c a l is e d  in  the m a te r ia l  o f the  i r r a d ia te d  ta r g e t .
However, some measurements on the r e l a t i v e  s tre n g th s  of a
Cu source (maximum ß energy, 3 MeV) and a Ti' source
(maximum ß+ energy, 1 MeV), f i r s t  surrounded by a -J- inch
th ic k  aluminium abso rber and then  w ith  no aluminium p re s e n t,
showed a d if fe re n c e  of le s s  than
When the  y ie ld  i s  low i t  i s  sometimes p re fe ra b le  to
m odify th is  method by e i th e r  u s in g  th ic k e r  samples o r
u t i l i s i n g  a th i r d  re a c t io n . For example, the d e te rm in a tio n
o f th e  y ie ld  of th e  T i ^ ( y ,n )  r e a c t io n  r e l a t iv e  to  th a t  fo r
62th e  Cu (Y>n) re a c t io n  was made by m easuring the  y ie ld s  of
180 180mbo th  re a c tio n s  r e l a t i v e  to  the  y ie ld  fo r  the Ta (Y,n)Ta 
r e a c t io n .  In  th i s  way the y ie ld  fo r  the tita n iu m  re a c tio n  
cou ld  be in c reased  by u s in g  i r r a d i a t i o n  tim es co n sid e rab ly
62in  excess of the  Cu - h a l f - l i f e .
I f  th ic k  sources have to  be u sed , the main source o f 
e r r o r  l i e s  in  th e  approxim ation fo r  the ab so rp tio n  term s, bu t 
i t  can be minim ised by making th e  two ta r g e ts  w ith  th e  same 
dim ensions and gamma-ray mass a b so rp tio n  c o e f f ic ie n ts .  When 
the  gamma-rays from the two re s id u a l  ra d io iso to p e s  have 
approxim ately  the same energy, a convenien t way of ach iev ing
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this is to obtain the target materials in powder form and 
press a mixture of them into a composite target. Analysing 
the decay curve for the resulting radioactivity enables the 
relative yield to be determined with an error determined 
mainly by the counting accuracy.
2.6.1 A Measurement of Detection Efficiencies
It was decided to make a careful measurement of the
detection efficiencies for gamma-rays of two different
energies to see if the estimates of the previous sections
gave satisfactory results. Convenient gamma-rays were the
511 keV annihilation radiation and the 1.28 MeV radiation
22from a standardised solution containing the Na isotope.
A simple determination is impossible because of the 
coincidence-summing effect which was found to be important 
with the high efficiencies (10-20^) involved. However, by 
observing the number of events in which both a 511 keV and 
a 1.28 MeV gamma-ray v/ere detected simultaneously in the 
same sodium iodide crystal the absolute efficiencies can 
be calculated. Only approximate values of the photofractions 
as observed inside the shielding castle are required since 
the final results are not particularly sensitive to these 
parameters. The calculated value of the disintegration 
rate was within 5i° of the value given by the National Bureau
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22of Standards, Washington, D.C., for the Na solution.
This was consistent with the experimental errors. The 
measured ratio of the detection efficiencies for the 
photopeaks, which should have been more accurately defined, 
differed from the calculated value by about showing that 
the absorption corrections, which amounted to ‘\6c/o for the 
annihilation radiation, were probably in error. The 
correction to the relative efficiency because of the 
summing effect amounted to 1 5
When making the measurement, conditions similar to 
those encountered when measuring relative yields were 
reproduced.
2*7 Radioactive Isotope Decay Schemes
When using measurements of the residual radioactivity 
to determine reaction yields it is necessary to know the 
number of the gamma-rays per disintegration. Unless other­
wise stated, this data was taken either from the Nuclear 
Data Sheets as published by the National Research Council, 
Washington, D.C., up till the end of 1960, or the compilation 
of Strominger et al. (St58). Where measured values for 
internal conversion coefficients are not sufficiently well 
known, theoretical values from the compilation of Rose (Ro58)
have been used.
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2*8 Conclusion
The purpose of this chapter has been to describe, in 
outline, the general procedure followed to obtain photo­
disintegration reaction yields using an electron synchrotron 
as a source of high-energy gamma-rays, and measuring the 
intensity of induced radioactivity with a scintillation 
spectrometer. Sources of auxiliary data have been given 
in the appropriate sections.
The techniques are simple but, unfortunately, contain 
several factors that can produce errors in the calculated 
yields ranging up to 15^. By measuring yields relative to 
the Cu ^(Yjn) reaction these errors are considerably reduced.
The fact that the bremsstrahlung beam from the electron 
synchrotron has a continuous spectrum of gamma-rays 
complicates the resulting analysis and increases the 
inaccuracy with which reaction cross-sections can be
determined
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CHAPTER III
ANALYSIS OP DATA OBTAINED WITH MIXED
DECAYING RADIOACTIVE SOURCES
3*1 Introduction
The analysis of activity curves for radioactive sources 
containing a number of different radioactive isotopes presents 
a problem that is older than the subject of radioactivity. 
Stated in its most general form the problem consists of 
finding a linear combination of exponential functions to 
represent the activity function
Many physical processes can be either accurately or 
approximately described by functions of this type. These 
include such diverse examples as first-order chemical kinetics, 
some diffusion problems, survival and mortality experiments in 
the biological sciences and pulse responses of electrical net­
works, as well as the decay of radioactivity, which is treated 
in this chapter.
k
R(T)
i=1
(3.1)
In this case the physical significance of each symbol used
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in equation (3*1) is now given:
T is the time variable
R is the measure of the total activity
k is the number of distinct radioactive isotopes
the B. are the activities of the different isotopes
the \  are the corresponding disintegration constants.
R(t ) is not usually available as a continuous function
of the time but as a set of numbers R. giving the values of
N(t) at the times T. so that the relation given in (3*l) is0
represented by a set of simultaneous equations
The main purpose of the analysis is to obtain solutions 
for separate activities Ik so that the yields for the reactions 
producing each radioactive isotope can be calculated. Prom the 
yields the reaction cross-sections can be derived by the method 
described in Appendix I. When the type and the energy of the 
incident radiation is known, it is usually possible to find 
values of k and the from lists of radioactive isotopes and 
their properties (St58, Nu60). The equations (3*2) then reduce 
to a set of linear equations: these are not exact because of
k
(3-2)
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c o e f f ic ie n ts  e x p ( -X -T .) .  When the  dominant source of e r ro r s
* 3
i s  in  th e  R. and th e re  a re  more th an  k eq u a tio n s , the most 
p robable  v a lu es  fo r  the can be found by u s in g  the method of 
l e a s t  sq u ares . Less s tra ig h tfo rw a rd  methods must be used i f  
some o f the or k a re  n o t known w ith  s u f f ic ie n t  c e r ta in ty ,  
the eq u ations no longer being  l in e a r .
This ch ap te r i s  concerned w ith  some of the  methods fo r  the 
so lu tio n  o f the  equations ( 3*2) and in  p a r t i c u la r  the  l e a s t  
squares method fo r  th e  case  when k and the  X^ are  known. A 
program was p repared  fo r  an IBM 65O computer to  o b ta in  s o lu tio n s  
by th i s  method and some of the  problems th a t  a r is e  in  h an d lin g  
ex ten siv e  s e ts  of d a ta  in  a sem i-autom atic  way are  co n sid e red .
5 .2 .1  G eneral S o lu tio n
When no in fo rm ation  o th e r than  the  observed value  of th e
to ta l  a c t i v i t y  R. i s  a v a ila b le  th e re  i s  no a n a ly t ic a l  s o lu t io n . 
3
Recourse to  a g ra p h ic a l a id  may be h e lp fu l  fo r  simple exam ples, 
o therw ise  a more pow erful num erical l ik e  the  one d e sc rib ed  by 
Gardner e t  a l .  (Ga59) i s  re q u ire d .
The u su a l method of p lo t t in g  th e  lo g arith m  of the  a c t i v i t y  
as a  fu n c tio n  of time g iv es  a s t r a ig h t  l in e  only i f  a  s in g le  
term , or component, occurs in  the sum in  th e  exp ression  ( 5. 2 ) .  
However, provided the  X ^ d i f f e r  from each o th e r by an o rd er
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of magnitude or more, by repeatedly fitting a straight line 
to the part of the decay curve for which it can be assumed 
that the short lived components have disappeared, and 
subtracting out the contribution for previous values of the 
time, a satisfactory solution may be obtained. Trial and 
error adjustments are necessary and small activities may be 
overlooked since there is no measure of significance for any 
adjustment made to remove an apparent irregularity that may 
appear as the decay curve is split into its components.
The method of Gardner et al. (Ga59) involves finding a 
function g(X ) which when plotted against X yields a 
•frequency1 spectrum of the function R(t ) given in equation 
(3.1) which can be rewritten in the form of a Laplace integral 
equation
R (T) = J  exp(-X T)g( X )dX (3.3)
By making changes in the variables "X and T,
X - exp(-y); T = exp(x), (3-4)
they express g as
(iW / F(p)/K(ii)exp(-iyp)dp
J -00
g [exp(-y)] (3-5)
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where
/'.OOF(|i) = ( l / 2 * ) S
and K(p) i s  g iven  by th e  complex gamma fu n c tio n
K(p) [ l / ( 2 * ) j  r  (1 + ip )
Because o f e r ro rs  in  the  observed va lues of HCT) and those  
in tro d u ced  in  ev a lu a tin g  the  in te g r a ls  of (3*5) and (3*6)
the  fu n c tio n  g ( X )  does no t appear as a sum of d e l ta  fu n c tio n s  
as in d ic a te d  in  (3*3) h u t as a d i s t r ib u t io n  showing a number 
o f peaks. The presence of a peak in d ic a te s  a  component, the 
a b sc is sa  value  a t  the c en tre  of a peak i s  th e  decay co n stan t 
w hile the  h e ig h t of the  peak i s  p ro p o r tio n a l to  the c o e f f ic ie n t  
of eq u a tio n  (3*1). R eplacing  the  l im i t s  o f the  i n f i n i t e  
in te g r a ls  by some f i n i t e  va lue  r e s u l t s  in  spu rious peaks s im ila r  
to  a d i f f r a c t io n  p a t te rn .
Although th is  method in v o lv es  len g th y  com putation, i t  has 
th e  c o n sid e rab le  m erit o f p robably  e x tra c t in g  the  maximum 
amount o f in fo rm ation  su p p lied  by the measured decay curve . I t  
was decided  th a t  the  a c t i v i t y  curves produced during  the  
experim ents d esc rib ed  in  the  fo llo w in g  c h ap te rs  were not 
determ ined w ith  s u f f ic ie n t  accuracy to  use t h i s  method. In  
n e a r ly  a l l  cases considered  the  d i s in te g r a t io n  co n stan ts  and
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and number of components could be found by consulting tables 
of isotopes. When unexpected activities appeared the methods 
of the next section were used to identify them.
3.2.2 Solutions when not all the Disintegration Constants 
are known
It was pointed out in the previous section that the 
graphical ’peeling off’ method has limited application for 
complex decay curves. A survey of available methods had been 
made by Perl (Pe60) in which he discusses improved graphical 
methods, relating them to the older method of Prony. The 
latter is described by Whittaker and Robinson (Wh24). When 
some of the disintegration constants are known, this 
information can usually be incorporated to allow the others 
to be evaluated more accurately. At the best a lower limit 
to the number of components is found with the methods outlined 
in this section.
The integral transform method summarised earlier is a 
method of solving a, linear differential equation with constant 
coefficients
(i+D/Okpo+n/)^) ... (1+D/V R(T) =0 (3-8)
The right hand side of (3*2) is the solution of this equation. 
The \ i are the reciprocals of the roots of the characteristic
43
e q u a tio n  and once th e s e  a re  known, th e  s e p a ra te  a c t i v i t i e s  can 
be found as d e sc r ib e d  in  th e  n ex t s e c t io n .  P rony! s method 
c o n s is t s  o f r e p la c in g  th e  d i f f e r e n t i a l  e q u a tio n  (3*8) by a 
d i f f e r e n c e  e q u a tio n  and c a lc u la t in g  th e  'A ^ from a  s e t  o f 
v a lu e s  o f HCT) ta b u la te d  a t  equal i n t e r v a l s  o f  T. At l e a s t  
(2n + l )  v a lu e s  o f R (t ) a re  r e q u ir e d ,  b u t i f  more a re  a v a i la b le  
a  l e a s t  sq u a re s  method may be u sed . I f  th e  number assumed 
exceeds th e  a c tu a l  number o f  components c o n t r ib u t in g  to  th e  
t o t a l  a c t i v i t y ,  la rg e  e r r o r s  w i l l  o ccu r in  th e  s o lu t io n  and 
th e  c a l c u la t io n  has to  be re p e a te d  f o r  a red u ced  number o f 
assumed com ponents.
An im proved !p e e l in g  o f f ’ p ro c e s s ,  g iv e n  by P e r l  (P e 6 0 ) , 
i s  b ased  on th e  g ra p h ic a l  s o lu t io n  o f e q u a tio n  (3*8) f o r  w hich 
R (t ) i s  th e  t a i l - e n d  p o r t io n  o f th e  a c t i v i t y  curve and i s  due 
only  to  a  s in g le  component p lu s  a  c o n s ta n t  te rm . V alues o f 
(-dR /dT) a re  re a d  o f f  th e  a c t i v i t y  cu rve  and p lo t te d  a g a in s t  R.
In  r e g io n s  where th e  a c t i v i t y  curve has th e  assumed form , the  
p lo t  i s  a s t r a i g h t  l i n e  w hich has a  s lo p e  1/ 'X  > and w hich 
in t e r c e p t s  th e  a c t i v i t y  a x is  a t  a  v a lu e  eq u a l to  th e  c o n s ta n t 
te rm , Bo. The a c t i v i t y  i s  th e n  p lo t t e d  a g a in s t  e x p (-A ^ T ) 
e n a b lin g  th e  a c t i v i t y  B  ^ to  be o b ta in e d  from th e  s lo p e  o f th e  
s t r a i g h t  l i n e  p o r t io n  w hich r e s u l t s .  The in t e r c e p t  o f th e  
s t r a i g h t  l i n e  on th e  t o t a l  a c t i v i t y  a x is  once a g a in  g iv e s  th e  
c o n s ta n t  te rm . The c o n t r ib u t io n s  o f t h i s  component a re  th e n
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su b trac ted , ou t and th e  p ro c e ss  co n tin u ed  u n t i l  th e  curve 
R(t ) v (-cLR/dT) i s  s u f f i c i e n t l y  c lo s e ly  approx im ated  by a  
sum o f s t r a i g h t  l i n e s .  The number o f components r e q u ire d  
i s  d e term ined  by th e  accu racy  o f th e  o r ig in a l  d a ta .  Should 
th e  a n a ly s i s  re a c h  a  s ta g e  when no p o r t io n  of th e  curve 
ap p e a rs  as a  s t r a i g h t  l i n e  because  o f  th e  sm all sp a c in g  o f 
two v a lu e s  of "X , th e  method can be ex tended  by u s in g  a n o th e r  
term  in  eq u a tio n  (3*8) and by o b ta in in g  v a lu e s  o f (d R/dT£') 
g r a p h ic a l ly .
3 . 2 . 3  S o lu tio n s  when th e  Number o f  Components and a l l  th e  
D is in te g r a t io n  C o n stan ts  a re  known 
In  th e  case  in  which th e  on ly  unknowns a re  th e  s e p a ra te  
a c t i v i t i e s ,  I k ,  th e  eq u a tio n s  (5*2) reduce  to  a s e t  o f 
s im u ltan eo u s  l i n e a r  e q u a tio n s . In  p r a c t i c e  d a ta  f o r  more 
e q u a tio n s  th an  unknowns i s  u sed  s in c e  th e  observed  q u a n t i t i e s  
a re  s u b je c t  to  e x p e rim e n ta l e r r o r  and an average v a lu e  fo r  each 
Ik i s  r e q u ire d ,  to g e th e r  w ith  an e s t im a te  o f t h e i r  e r r o r s .  
Whenever p o s s ib le ,  th e  problem  o f  a n a ly s in g  decay  cu rv es  was 
red u ced  to  t h i s  case  by u s in g  d i s in t e g r a t i o n  c o n s ta n ts  a lre a d y  
known. The re a so n s  f o r  do ing t h i s  a re  (a )  s im p l ic i ty ,  (b) th a t  
u s u a l ly  the  d i s in t e g r a t i o n  c o n s ta n ts  canno t be d e te rm in ed  from 
th e  decay cu rves a s  a c c u ra te ly  as th e y  a re  known from  o th e r  
d e te rm in a tio n s ,  (c )  t h a t  an e r r o r  a n a ly s i s  i s  p o s s ib le ,  and
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(d) that none of the previous methods can deal with decay 
curves caused by two activities with similar half-lives and 
where the curves are available only over a time interval of 
the same order of magnitude as the half-lives. In the latter 
case the curve can often not be distinguished from a single 
component curve with an intermediate value for the half-life.
3*5 The Method of Least Squares
The method of least squares as applied to the splution of 
linear simultaneous equations leads to a solution for the 'best* 
values of the unknowns from an over-determined set. It was 
first formulated by Legendre in 1806 and, using a different 
approach, by Laplace in 1811. Gauss placed it on a logical 
basis through this theory of errors during 1821-23» An extensive 
treatment is given by Whittaker and Robinson (Wh24) while a 
useful summary is given by Wapstra (Wa59)• Only the briefest 
account is given here.
It is convenient to use the notation of matrix algebra; the 
equations (3*2) can be written as
R a* E B (3#9)
where R is a 1 x m column vector,
E is a n x m matrix where
Eij = exp(-)\iTp (5.10)
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and B is a 1 x n column vector for which a solution is 
required. The number of equations, m, is to exceed the 
number of unknowns, n. It is assumed that the errors in the
only from the observed values of the total activity. The latter 
errors are those usually associated with counting disintegrations 
in a radioactive source. Under these conditions the best, or 
most probable, value of B, B, is not obtained unless each equation
wrong because observations having the smaller relative errors are 
given smaller weights. However, it is this weighting function 
that gives the correct variance of count rate for a source of 
constant strength regardless of whether a single observation is 
made for a time t or several observations are made for a total 
time t.
Writing matrix, the
equations become
(3-11)
B. is found so thatl
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is minimised with respect to B. The dash denotes that the 
indicated quantity is to he transposed. Differentiating with
respect to each B^ in turn and equating each result to zero 
gives rise to n equations of condition, the normal equations
E’WR = E'WE B (3*15)
B then is given by
B = j E ' W l f J  “ 1 . E'WR (3*14)
Furthermore the variance for each B^, c(B_^ ), is given by the 
corresponding diagonal element of J^ E’WEj
A valuable feature of this analysis is that a test of the 
goodness of the fit is obtained if W(R-EB)1(R-EB), which is the 
sum of the squares of the residues formed by substituting the 
solution B back in the equation (3*11), is evaluated. This 
quantity should be about (m-n) and figure 3*1 > taken from
Wapstra (Wa59)> gives levels of significance for variations 
from this value. Unduly large departures of this quantity from 
(m-n) are to be interpreted as either being caused by some 
unsuspected systematic error such as a wrong value of a half- 
life or assuming random errors larger than those occurring. An 
inspection of the individual residues then often reveals that 
a small number of them are unreasonably large. In this case
Figure 5»1
Graph for consistency checks in least
squares computations
(After Wapstra et al. (Wa59)• N in the
figure corresponds to m in the text, while
"X in the figure corresponds to
W(R - eS)!(R - EB).)
0.6 Oß 1
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th e  d a ta  used  in  fo rm ing  th e  e q u a tio n s  th a t  g iv e  r i s e  to  th e se
re s id u e s  sho u ld  he examined c lo s e ly  to  ensu re  t h a t  no m istak es
have been made in  t r a n s c r ib in g  d a ta  and , i f  p o s s ib le ,  th a t
in c o r r e c t  d a ta  o b ta in e d  w ith  f a u l t y  equipm ent has  n o t been u sed .
S y s tem a tic  t r e n d s  in  th e  m agn itudes o f th e  r e s id u e s  can mean
th a t  some m istak en  assum ption  has been made co n ce rn in g  th e
component a c t i v i t i e s .  I f  none o f th e se  p o s s i b i l i t i e s  appears
to  account f o r  th e  anom aly, th e  s e t  o f d a ta  f o r  th e  e n t i r e
cu rve  shou ld  be abandoned, o r a t  l e a s t  a l l  th e  v a r ia n c e s  o f
th e  s o lu t io n s  sh o u ld  be m u l t ip l ie d  by th e  sum o f  th e  squares
o f th e  r e s id u e s .  T h is  l a t t e r  p ro ced u re  i s  j u s t i f i e d  only  where
th e  number o f e q u a tio n s  o f o b s e rv a tio n s  i s  la rg e *
An u n d e s ir a b le  f e a tu r e  i s  p r e s e n t  i f  com ponents g iv in g
i n s ig n i f i c a n t  c o n t r ib u t io n s  to  th e  t o t a l  a c t i v i t y  a re  in c lu d e d ;
th e  a n a ly s is  a llo w s f o r  them by g iv in g  la r g e r  v a r ia n c e s  fo r  th e
s ig n i f i c a n t  com ponents th a n  would o th e rw ise  r e s u l t .  An example
o f t h i s  can be ta k e n  from  th e  r e s u l t s  en co u n te red  w ith  th e  He
T 6decay  cu rves p roduced  w h ile  i n v e s t ig a t in g  th e  L i^ Y jp jH e
r e a c t io n .  The a c t i v i t y  was fo llo w ed  fo r  abou t two h a l f - l i v e s
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and th e  decay a n a ly se d  assum ing on ly  th e  He a c t i v i t y  and a 
background. When th e  background c o n t r ib u t io n  to  th e  i n i t i a l  
c o u n t - r a te  was abou t 1 5 i t  r e q u ir e d  10^ co u n ts  to  be reco rd ed  
b e fo re  th e  s ta n d a rd  d e v ia t io n  was as  sm all as 1$ o f th e  i n i t i a l
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6 4He activity. This should he compared with the 10 counts that
would have been required if no background had to be allowed for.
Matrix Inversion
The solution of the normal equations is best achieved by 
the matrix inversion method. This is preferred to the shorter 
elimination method because the error analysis is performed at 
the same time. The inversion process chosen was the Choleski 
or square root method. This makes full use of the symmetry of 
the matrix that arises for the normal equations, and is both 
rapid and accurate. As shown by Bodewig (B056) the matrices 
to be inverted are positive definite, a fact that ensures that 
square roots of only positive numbers are required in the 
Choleski method, thereby making it suitable for use with an 
automatic computer without having to allow for complex numbers.
3*4 Automatic Treatment of Data
In the course of calculating the cross-sections for the 
reactions investigated and recorded in this thesis, some hundreds 
of decay curves had to be analysed: the number of component
activities ranging from one to five. It was decided therefore 
to perform most of the calculations with the aid of a high speed
electronic computer
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An in c re a s e d  u se  o f h ig h  speed com puters in  th e  
e x p e rim e n ta l s c ie n c e s  can be a t t r i b u t e d  to  a  number o f re a so n s . 
These in c lu d e  (a )  a  sh o rta g e  o f manpower fo r  p erfo rm in g  th e  
co m p u ta tio n s  even w ith  e l e c t r i c  desk  c a l c u la to r s ,  (b) th e  
in c re a s in g  a v a i l a b i l i t y  o f s u i ta b le  com puting m ach ines, (c) 
th e  l a r g e r  amount o f d a ta  th a t  seems to  accompany ex p erim en ta l 
w ork, (d ) th e  in c r e a s in g  use  o f  a p p a ra tu s  t h a t  p roduces d a ta  
in  a form  s u i t a b le  f o r  im m ediate tre a tm e n t by th e  com puter,
(e )  th e  d e s i r e  to  ach iev e  more com plete  e x t r a c t io n  o f 
in fo rm a tio n  from  d a ta  produced by ex p en siv e  equipm ent which 
i s  in  c o n s ta n t u s e ,  and ( f )  th e  f a c t  t h a t  q u i te  o f te n ,  when 
approx im ate  g ra p h ic a l  methods a re  u se d , p e rso n a l b ia s  o c c u rs .
On th e  o th e r  hand, i t  i s  ex c e e d in g ly  d i f f i c u l t  to  rep ro d u ce  
on a  com puter th e  human f a c i l i t y  o f  e d i t in g  and d e te c t in g  th e  
u n su sp e c te d . U su a lly  th e  p e rso n  programming th e  com puter has to  
be f a m i l i a r  w ith  th e  whole problem  in c lu d in g  th e  d e t a i l s  th a t  
a re  in v o lv ed  in  c o l l e c t i n g  th e  d a ta .  T h is  means t h a t  th e  
e x p e rim e n ta l method i t s e l f  must be t a i l o r e d  to  th e  way in  which 
th e  d a ta  i s  to  be t r e a t e d  by th e  com puter; in  p a r t i c u l a r  a  
r o u t in e  method o f p e rfo rm in g  th e  experim en t must be e s ta b l is h e d .  
F u rth e rm o re , a l l  e v e n tu a l i t i e s  must be co n s id e re d  and a llow ed  
f o r ,  b e fo re  a. s u c c e s s fu l  program  can be com pleted . T his in  i t s e l f  
may be an ad v an tag e . The problem  of d e s ig n in g  ad eq u a te  checks in  
th e  program  w ith o u t undue lo s s  o f  com puting tim e i s  p e rh ap s th e
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one th a t  p ro v id e s  th e  g r e a t e s t  t e s t  o f  th e  program m er’s 
in g e n u ity .  I t  was d ec id ed  to  u se  th e  IM  6 5 O com puter 
i n s t a l l e d  a t  th e  IBM C en tre  in  Sydney, because  i t  was th e  
n e a r e s t  a v a i la b le  a t  th e  tim e and a  s im p l i f ie d  programming 
system  was in  u s e .
3 .4 .1  The O rg a n is a tio n  o f  D ata
Once th e  d e c is io n  to  u se  a  com puter has been made, th e  
q u e s tio n s  a re  posed : how much of th e  work i s  to  be made
au to m a tic  and how i s  th e  d a ta  to  be p re s e n te d  to  th e  com puter? 
Some schemes such as th e  one d e s c r ib e d  by F i t e  e t  a l .  (F i6 l)  
f o r  a c t iv a t io n  a n a ly s i s ,  p la n  to  make th e  o p e ra t io n ,  from th e  
m echan ical changing  o f th e  r a d io a c t iv e  sam ples to  th e  
c o n c lu s io n  o f th e  c a lc u la t io n ,  e n t i r e l y  a u to m a tic . Because 
o f th e  d i f f i c u l t i e s  en co u n te red , t h e i r  system  i s  s t i l l  n o t 
com ple te .
The p re s e n t  work was l im i te d  because  i t  was n o t c o n s id e re d  
t h a t  th e  c o s t  o r tim e re q u ire d  to  p e r f e c t  a  com plete system  was 
w a rra n te d . The program  was d esigned  to  a c c e p t p red e te rm in ed  
p a r t s  o f s p e c tr a  o f gamma-rays from  t a r g e t s  i r r a d i a t e d  in  th e  
b rem sS trah lu n g  beam o f th e  e l e c t r o n  sy n c h ro tro n , as  re c o rd e d  
w ith  th e  100-channel H u tc h in so n -S c a r ro tt  p u ls e  h e ig h t a n a ly s e r  
r e c e iv in g  p u ls e s  from  th e  sodium io d id e  c r y s t a l  s c i n t i l l a t i o n
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spectrometer. The analyser did not have automatic read-out 
facilities; the information was obtained manually as numbers 
based on a radix of eight from the cathode-ray tube display. 
Frequent energy calibrations of the counter system were made 
by observing the location of pulses due to gamma-rays of 
known energy and a calibration line for each spectrum determined.
The data was punched on 80 column cards and fell into five 
categories. The first two types contained the basic information 
consisting of the disintegration constants, the energy intervals 
over which spectrum counts need to be summed, the number of 
activities in each interval and a specification of which of this 
information is currently required. The third category contained 
data common to all spectra taken from the same source, such as 
the time and date of the end of the irradiation and the total 
number of spectra for the source. Another type carried two 
numbers defining the spectrometer energy calibration line and 
is only included when there is a change in calibration. The 
last two classes consisted of portions of each spectrum chosen 
after a quick inspection to ensure that those channels corres­
ponding to the required energy intervals are included as well as 
the information necessary to identify the spectrum and give the 
date, time of commencement and duration of the counting period. 
It was found that it was possible for the person reading the
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spectrum  to  punch the  d a ta  d i r e c t ly  on to  the  ca rd s  w ithou t 
w asting  an a ly se r tim e, bu t th i s  p rocedure was d isco n tin u ed  
s in ce  i t  was im possib le  to  v e r i f y  the  d a ta  a f t e r  i t  had been 
e ra sed  from the  an a ly se r memory. Moreover, by f a i l i n g  to  
rec o rd  th e  e n t i r e  spectrum  i t  was no t p o s s ib le , a f te rw a rd s , 
to  be sure  th a t  the  counting  ap p ara tu s  had been o p e ra tin g  
c o r r e c t ly .  The system was designed  so th a t  l i t t l e  sup erflu o u s 
d a ta  was inc luded  and th a t  a minimum number of c a rd s  was used . 
The form would be q u ite  s u i ta b le  fo r  o p e ra tio n  w ith  au tom atic  
reco rd in g  dev ices i f  th e se  were a v a ila b le . When u s in g  the  
Type 65O computer only the  f i r s t  7^ columns on each card  can 
be used to  c a rry  d a ta  to  be p ro cessed ; the rem ain ing  10 columns 
a re  u s e fu lly  employed to  id e n t i f y  the  card  w ith  a code number 
th a t  can be used to  c o n tro l an au tom atic  card  s o r t e r .  S o r tin g  
i s ,  in  f a c t ,  n ecessa ry  because i t  n e a r ly  always happens th a t  
sp e c tra  from a number o f d i f f e r e n t  samples are  being  recorded  
in  an o rder th a t  d i f f e r s  from th e  o rder most s u i ta b le  fo r  
com putation.
3*4.2 The Program
The program was w r i t te n  in  th e  s im p lif ie d  programming 
system , F o r t r a n s i t ,  and then  m odified  a f t e r  p a r t  of th e  au to ­
m atic  t r a n s la t io n  p ro cess , th e reb y  ach iev ing  a re d u c tio n  by a 
f a c to r  of about two in  the  tim e re q u ire d  to  p ro cess  d a ta .
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It was divided into two parts: the first changed the raw
input into the form of the equations (3»2) along with the 
standard deviations of the observed activities. The second 
part allowed for a subtraction of any known constant back­
ground, modifying the standard deviations accordingly, and 
providing the instructions necessary to obtain a least 
squares solution for the separate activities and their 
standard deviations, by the method already described.
Part one dealt mainly with data handling; it provided 
for eight alternatives and the one chosen depends on the 
relation between the data of a particular spectrum and those 
immediately preceding it. The alternative chosen depended on 
whether or not (a) a change in energy calibration was required,
(b) either T or t were different from the previous values, or
(c) the spectrum was derived from a different radioactive 
source. The reason for this complication was to reduce both 
the number of input cards required and the amount of duplicated 
calculation.
The calibration data was used to ensure that counts within 
the required energy intervals were summed and the results were 
corrected for losses due to counter dead-time. Appendix III 
gives a derivation of the standard deviation of a count N 
corrected for dead-time counting losses. Decay of a source 
during a counting period was allowed for by changing the
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coefficients exp(-h.T.) of equations (3»2) to^ 0
and partial, integrated from T = 0 till T = <*> . At the 
completion of this stage the output data, after rearranging 
the order mechanically was suitable for plotting decay curves 
and examining for any obvious errors. Background data could 
be inserted and cards corresponding to any wild points on a 
decay curve could be removed before proceeding to the second 
stage of calculation.
3*5 Conclusion
Various ways in which the different activities in a 
mixture of radioactive isotopes can be separated mathematically 
from complex decay curves have been considered. The methods 
vary according to what is known in advance about the number and 
half-lives of the components.
Special consideration has been given to the case in which 
the only unknowns are the partial activities themselves. Then 
the problem can be treated by the method of least squares and 
can be made to include an analysis of the errors resulting from 
the ordinary statistical counting errors.
Some details were given concerning a program for an 
electronic computer to handle these calculations. This program
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has been  found to  be s a t i s f a c t o r y  p ro v id ed  g r e a t  c a re  i s  
tak en  to  en su re  th a t  no m is ta k e s  a re  made in  p re p a r in g  th e  
in p u t d a ta .  The e f fe c ts  o f such  m is ta k e s , a lth o u g h  guarded  
a g a in s t ,  have caused  some w aste  o f com puter tim e , and 
c o n s id e ra b le  d e lay s  in  o b ta in in g  th e  f i n a l  r e s u l t s .  The 
main re a so n  fo r  t h i s  has been  due to  th e  n e c e s s i ty  o f making 
u se  o f a  com puter two hundred  m ile s  away. I t  has a ls o  been 
made a p p a re n t ,  p a r t i c u l a r l y  when c o n s id e ra b le  bu lk  o f re c o rd e d  
d a ta  i s  in v o lv e d , th a t  com puter program s a re  b e s t  p re p a re d  by 
th e  p e rso n s  e i th e r  c o l l e c t in g  th e  d a ta  o r  co m p le te ly  f a m i l i a r  
w ith  th e  d i f f i c u l t i e s  t h a t  a re  l i k e l y  to  be en co u n te red .
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CHAPTER IV
THE L i 7 ( Y ,p ) H e 6 REACTION
4. 1 In tro d u c tio n
T 6The Li (YiP)He re a c t io n  i s  o f i n t e r e s t  because of the  
c o n f l ic t in g  r e p o r ts  on th e  n a tu re  o f th e  a c t iv a t io n  fu n c tio n . 
Four •widely d i f f e r e n t  measurements of th i s  fu n c tio n  have been 
re p o rte d  (T i53, T i54, Ru54, Tu53)> they  a re  compared in  
f ig u re  4.1•
The f i r s t ,  th a t  o f T i t t e r to n  and B rin k ley , was made by 
d e te c tin g  the  r e a c t io n  p ro d u c ts  in  a  lith iu m -lo a d e d  photographic  
em ulsion. The r e s u l t s  o f t h i s  work a re  shown as curve A. As 
has been p o in ted  out by T i t t e r to n  and B rin k ley  (T i5 3) i t  i s  
p o ss ib le  th a t  th e  f i r s t  e x c ite d  s t a t e  of He^, a t  1*7 MeV, decays 
by gamma r a d ia t io n  in  which case too  low an energy may have been 
a t t r ib u te d  to  some o f th e  ev en ts  observed . T h is, to g e th e r w ith  
the  la rg e  lo s s  o f h igh  energy ev en ts  due to  escape of p a r t i c l e s  
from th e  em ulsion and w ith  th e  d i f f i c u l t y  o f id e n t i fy in g  low 
energy e v en ts , could  account f o r  th e  sm all w idth  found in  th i s  
exp e r  m e n t .
The o th e r th re e  measurements were a l l  made u sin g  a c t iv a t io n
tech n iq u es , g iv in g  th e  c ro s s - s e c t io n  fo r  p ro to n  em ission to  th e
£
ground, and p o s s ib ly  th e  f i r s t  e x c ite d  s t a t e  o f He but th ey  
d isag ree  c o n sid e ra b ly . A lthough the  sy s tem a tic s  o f pho tonuclear
Figure 4.1
Previously reported excitation curves for the 
7 6Li (y«p)He reaction
Curve A: Titterton and Brinkley (Ti53); Curve B:
Tucker and Gregg (Tu53)> Curve C: Katz et al.
(reported by Titterton and Brinkley Ti54); Curve 
D: Rubin and Walter (Ru54)• Curves A and C have
been normalised to have the same peak height. The 
ordinate in the case of curve D is marked in mb* 
units. Curve B reaches a maximum of 1.8 mb.
fj}“n
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reactions suggest that the dipole resonance for Li should 
occur between 25 and 35 MeV, three of the measurements (A, C 
and D), show a peak in the cross-section at about 15 MeV. In 
these experiments machine energy limitations did not allow the 
measurements to be extended beyond some 20 MeV except in the 
case of Rubin and Walter (Ru54), curve D. These authors carried 
out measurements to 30 MeV and observed a second peak at 20.5 
MeV which, again, is lower than the expected energy for the 
"giant" resonance. The "splitting" of the resonance reported 
by Rubin and Walter would, if confirmed, be of considerable 
interest.
The present work was undertaken in an attempt to reduce 
the existing uncertainty in the shape of the excitation function 
and, if possible, to determine whether or not a splitting of the 
resonance exists*
4*2 Method and Apparatus
£
The He formed as a result of this reaction decays by 
emitting electrons which have a maximum energy of 3*5 MeV, with 
a half-life of O.83 seconds. Consequently it was decided that 
the intensity of the beta-radiation would have to be measured 
without moving the lithium target from the position where it 
would be irradiated. The positions of the lithium target, the
7
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tantalum foils used to monitor the beam, the beta particle 
detectors and the shielding are shown in figure 4*2.
The target consisted of a rectangular block of lithium 
metal, 1*5 inches long, 1.5 inches high and 0.5 inches wide, 
lightly greased and sealed in a sheath of polystyrene, 10 
microns thick. The foils used to monitor the beam intensity 
were rectangles, 1.5 inches by 0.5 inches, cut from rolled 
tantalum sheet metal O.OO5 inches thick. Pieces ?/ere selected 
so that the mass variation was less than 1 A set of three 
foils giving a thickness of 0.015 inches was placed as close 
as possible to the face nearest the beam source of the lithium 
block, completely shading it while another was placed in a 
similar position against the opposite face. The Ta^*'(y,n)Ta^(^m 
reaction, leading to a convenient half-life of 8.15 hr, was 
chosen for monitoring because its activation curve is well known 
(Ca59)> and the end point energy of the electron spectrum from 
the residual nucleus is 0.7 MeV. This is low compared with the 
value associated with He so that counts due to the activity 
from the tantalum can be eliminated by using a suitable pulse 
height discriminator level. To obtain the T a ^ ^ “1 yield the 
foils were removed and laid on the face of the can enclosing 
the crystal of a sodium iodide scintillation spectrometer.
Three measurements of the 55 keV gamma-ray were made on each 
set over a period of several hours.
Fi^re 4« 2
Layout of lithium target, beta detector
monitor foils and shielding
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Each of the beta-particle counters consisted of a Du Mont 
6292 photomultiplier coupled to a plastic phosphor, 1*5 inches 
in diameter and 0.6 inches thick, situated on an axis passing 
normally through the centre of the lithium at right angles to 
the bremsStrahlung beam axis* A 6 inch thick lead collimator 
with a rectangular aperture 1.25 inches high and 0.5 inches 
wide was used to reduce any activities which might have been 
induced in the photomultiplier assemblies and phosphors.
The lithium target was irradiated with gamma-rays for one
second out of a cycle lasting 2*5 seconds. While the beam was
on, the photomultipliers were gated off by holding the screen
between the photoca.thode and the first dynode at minus 100 volts
£
(Fa58). During the rest of the cycle, four points on the He 
decay curve were established. About 200 counts per cycle were 
obtained at JO MeV and the cycle was repeated to give a total 
of about 100,000 counts in each run.
Since, at the time this experiment was performed, no pulse 
height analyser with time-interval measuring facility was 
available, some existing pieces of electronic equipment were 
modified to perform this task. A block diagram showing how this 
equipment was used for timing, gating, counting and calibrating 
is shown in figure 4*3 together with some typical waveforms.
The system was controlled by two relays (Sigma type 22RJCC-1000G/SIL)
Figure 4«5
Block diagram of controlling, detecting, timing 
calibrating and counting circuits, with typical 
waveforms
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driven from a timing circuit which consisted of a scaler 
and 400 c/sec pulse generator. Signals derived from the 
timing unit operated relay 1 so that the synchrotron beam 
was only switched on for 0.4 of the cycle period. During 
this time the negative gate voltage was applied to the 
photomultiplier shields and the outputs from the cathode- 
followers were earthed. For the rest of the cycle, pulses 
from the detectors were amplified and those exceeding a 
voltage corresponding to O.75 MeV energy loss were passed 
into a time-to-amplitude converter of the type described by 
Draper and Alston (Dr59)• The converter sweep was triggered 
before the start of each counting period by relay 2. Time 
sorting was achieved by feeding the converter output into 
discriminators, the voltage levels of which were spaced at 
intervals corresponding to about O.35 seconds.
In order to allow for small variations in amplifier gain 
and timed periods, a number of continuous as well as occasional 
checks were made. One of these consisted of using the photo­
multiplier gating voltage to operate a Hewlett-Packard 522B 
electronic counter so that the counting period was displayed 
in milliseconds each cycle. Another involved recording the 
pulse height spectrum of the pulses coming from the beta 
detectors with the 100 channel Hutchinson-Scarrott analyser
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which was gated on by a signal obtained whenever a pulse 
appeared at the output of the converter. In this way the 
fraction of the beta spectrum recorded could be determined, 
the outputs from the two photomultipliers being checked 
separately. Also, before and after each run, pulses at 
1000 c/sec from the Hewlett-Packard counter were substituted 
for a detector output, providing a check on the stability of 
the time-to-height converter and the discriminator as well as 
giving an accurate value for the counting time associated with 
each scaler. Short term time fluctuations of three milli­
seconds and long term drifts of as much as ten milliseconds 
per hour were found and appropriate corrections were applied.
In addition the time calibration was checked by substituting
60
a Co source for the lithium target.
To ensure that the counts recorded were due only to He^
together with unavoidable background activities with half-lives
much longer than one second, the output from the converter was
fed into the 100 channel pulse height analyser and the decay
curve shown in figure 4*4 recorded. The points on this figure
represent the experimental data and may be fitted to a 0.83
second half-life (indicated by the solid line) by subtracting a
constant background of Gfo of the initial count rate. That there
0
was no appreciable contribution from the 0.8 second Li activity
7 8which could arise from the Li (n,Y)Li reaction was checked by
Figure 4*4
Decay curve for the activity induced in the 
lithium target is given by the points. The 
solid line represents the component due to 
the 0,83 sec activity.
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lo o k in g  f o r  b e ta  p a r t i c l e s ,  w ith  energy g r e a te r  th a n  4 MeV, 
w ith  a  p l a s t i c  phosphor 1.7 in c h e s  th ic k  in  p la c e  of one 0 .6  
in c h  phospho r. The o bserved  coun t r a t e  was n o t s ig n i f i c a n t l y  
d i f f e r e n t  from  th e  background and th e  c o n t r ib u t io n  from  th e
Q
L i e le c t ro n s  to  th e  0 .8  second a c t i v i t y  was e s tim a te d  to  be 
le s s  th a n  one p a r t  p e r  th o u san d .
4« 3 Y ie ld  R e la tiv e  to  th e  C u ^ (Y .n ) R e a c tio n  Y ie ld
The v a lu e  o f  th e  L i^(Y ,p)H e^ y ie ld  a t  3^ MeV r e l a t i v e  to
th a t  f o r  th e  r e a c t io n  Cu ^(y ^ C u " was o b ta in e d  by r e p la c in g
th e  l i th iu m  w ith  a  s im i la r  b lo ck  o f  p o ly u re th a n e  foam p l a s t i c
load ed  w ith  f i n e l y  powdered copper and h av in g  a d e n s ity  eq u a l
to  t h a t  o f l i th iu m . A n a ly s is  o f th e  decay  cu rve  o b ta in ed  a f t e r
a 10 m inute i r r a d i a t i o n  a t  30 MeV showed t h a t  th e  a c t i v i t y  was
m ain ly  due to  co p p er, w ith  very  sm all c o n t r ib u t io n s  from oxygen
and c a rb o n . The co p p er a c t i v i t y  was m easured in  th e  same geom etry
as was used  w ith  th e  l i th iu m ,  th e  t a r g e t s  hav ing  n e a r ly  th e  same
b re m ss tra h lu n g  a b s o rp t io n  and e le c t r o n  s e l f - a b s o r p t io n .  R e la tiv e
c o r r e c t io n s  f o r  s e l f - a b s o r p t io n  in  th ic k  p la n a r  so u rc e s  were
a p p l ie d ,  u s in g  th e  m ethod o f Baker and Katz (B a53)• The f r a c t io n
o f th e  b e ta  spectrum  observed  was d e te rm in ed  as p re v io u s ly
£
d e s c r ib e d  and a d ju s te d  to  be th e  same as f o r  th e  He spectrum .
Four s e p a ra te  d e te rm in a tio n s  o f th e  copper a c t i v i t y  were made 
a f t e r  w hich th e  mass o f  copper was d e te rm in ed  by chem ical a n a ly s i s .
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4*4 R ed u c tio n  o f D ata and th e  A c tiv a t io n  F u n c tio n
The y ie ld  curve f o r  t h i s  r e a c t io n  was o b ta in ed  more
a c c u r a te ly  th a n  any o th e r  y ie ld  cu rve m easured in  th e
ex p erim en ts  re c o rd e d  in  t h i s  th e s i s  and , because th e  prim e
pu rp o se  o f  t h i s  ex p erim en t was to  a t te m p t to  d e f in e  th e  shape
o f th e  a c t i v a t io n  c u rv e , c o n s id e ra b le  a t t e n t i o n  was g iv e n  to
e s t im a t in g  th e  doubt in  th e  shape b eca u se  o f  th e  e r r o r s
a s s o c ia te d  w ith  th e  m easured p o in ts  on th e  y ie ld  cu rv e .
A d e t a i l e d  d is c u s s io n  on t h i s  s u b je c t  has  been g iv e n  by
T hies (T h 6 l) . However i t  was found more co n v en ien t to  approach
th e  problem  by th e  approx im ate  method d e sc r ib e d  below , m ain ly
because  a  com puter program  fo r  o b ta in in g  c r o s s - s e c t io n s  from
y ie ld s  was r e a d i ly  a v a i la b l e .
£
The He a c t i v i t y  produced d u rin g  each  s e r i e s  o f  i r r a d i a t i o n s  
a t  a  g iv e n  energy  was o b ta in e d  by f i t t i n g  th e  s c a le r  r e a d in g s  to  
a  decay  cu rve  c o rre sp o n d in g  to  an a c t i v i t y  w ith  a  h a l f - l i f e  o f 
0 .8 3  seconds and an unknown c o n s ta n t background u s in g  a l e a s t  
sq u a re s  m ethod. T h is  was n o rm alized  to  th e  ta n ta lu m  m o n ito r 
coun t a f t e r  c o r r e c t in g  f o r  th e  decay  o f  th e  ta n ta lu m  a c t i v i t y  
d u rin g  th e  i r r a d i a t i o n s ,  which l a s t e d  f o r  tim es  ra n g in g  from  10 
to  100 m in u te s d e p e n d in g  on th e  sy n c h ro tro n  en e rg y . The 
r e s u l t i n g  y ie ld  cu rv e  f o r  th e  L i (y ,p )H e  r e a c t io n  i s  shown in  
f ig u r e  4*5, in  w hich th e  e r r o r  b a rs  a re  th e  s ta n d a rd  d e v ia t io n s  
o b ta in e d  from th e  co u n tin g  s t a t i s t i c s  and where th e  m a jo r i ty  o f
Figure 4>*5
7 ^
Yield curve of the reaction Li (y,p)He , 
as measured from the residual He^ activity.
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the points represent an average of two determinations»
Figure 4»6 shows three variants of the excitation 
curve derived from the yield curve. The smooth curve 
corresponds to the solid line of figure 5? and was derived 
from it by the commonly used procedure of arbitrarily adjusting 
the yield curve until the third differences are considered small 
and then solving the integral equation, linking the cross-section 
to the yield curve, by a numerical method. The result obtained 
in this way appears to be more like the previous result of Katz 
than that of Rubin and Walter (curves C and D respectively in 
figure 4»1)» No reliable indication of the errors present in 
the excitation curve results from this procedure, and it is 
possible that information will have been destroyed, or added, 
in the smoothing process, which can be largely subjective. To 
overcome these objections the following numerical method was 
adopted. Twenty-four points were derived from each experimental 
point by the addition of increments obtained from a table of 
random normal variates (Ra55)* Separate yield curves obtained 
from the derived points were analysed to give a set of integrated 
cross-section curves as functions of gamma-ray energy. From 
these an average integrated cross-section and an estimate of the 
standard deviation was obtained at 0.5 MeV intervals over the 
range 11.5 to 32.0 MeV. The large relative errors resulting
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from u s in g  in te r v a l s  as sm all as 0 .5  MeV made i t  d e s ira b le  
to  c a lc u la te  average c ro s s -s e c tio n s  over la r g e r  in te rv a ls*
I t  was d ec id ed , th e re fo re , to  assume an a c t iv a t io n  curve in  
the  form of a h istogram  and to  c a lc u la te  th e  v a lu es  in  each 
range from th e  0#5 MeV in te r v a l  r e s u l t s  by a l e a s t  squares 
method* The appearance o f the f in a l  r e s u l t  then depends on 
th e  energy in te r v a l s  chosen fo r  the  h is to g ram . Two such 
r e s u l t s  a re  shown in  f ig u re s  4*6a and 4*6b. The e r ro rs  
in d ic a te d  a re  f o r  r e l a t iv e  c ro s s - s e c t io n s . The o rd in a te  sca le  
i s  s u b je c t to  an e r ro r  in  the  d e te rm in a tio n  of the ab so lu te  
c ro s s - s e c t io n  a t  J O  MeV.
A fte r  c o r re c t in g  fo r  th e  decay of a c t i v i t i e s  during  
i r r a d ia t io n ,  and allow ing  fo r  a c t i v i t y  from p rev ious cy c le s  
in  the case of the  li th iu m  ta r g e t  (see Appendix i)  the  
r a t i o  of y ie ld s  p e r atom and u n i t  brem sStrahlung beam in te n s i ty
7 6 63 62
fo r  th e  L i (y,p)H e and Cu ^(y ^ C u r e a c t io n s  was found to  be 
(0.0226 + 0 . 0 0 2 3 )*  Using the r e s u l t s  of Berman and Brown fo r  
the Cu^(Y>n) C u ^  c ro s s -s e c t io n  (Be54), t h i s  g iv e s  a va lue  of 
(14*6 + 3*4) MeV-mbn fo r  the  c ro s s -s e c tio n  o f th e  L i (Y,p)He 
re a c t io n , in te g ra te d  to  30 MeV. The f in a l  e r r o r  in c lu d es  the 
e r ro rs  in  the  r e l a t i v e  y ie ld ,  in  the r e s u l t  o f Berman and 
Brown (G /o ) and in  the re d u c tio n  of the  c ro s s - s e c t io n  from the 
y ie ld  curve ( 159 )^ •
Figure 4» 6
The Li^(Y«p)He° excitation curve 
The dotted smooth curve was derived from the 
solid curve of figure 4*5« The histograms of 
figures (a) and (b) were obtained by averaging 
the cross-section over different ranges. The 
dotted portions of the histogram indicate the 
magnitudes of the standard deviation. The two 
points with error bars in (a) represent the 
results of Titterton and Brinkley (Ti54) obtained 
for T radiation of energy 14#8 and 17*6 MeV.
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4*5 Discussion
The well known difficulty of achieving good resolution 
in bremsStrahlung experiments is clearly illustrated in this 
experiment. However, the data provides no support for the 
pronounced double resonance reported by Rubin and Walter and 
is in general agreement with the results of Katz et al. (Ti54)• 
In particular the results do not show any sign of the cross- 
section falling to a low value at 18 MeV. Furthermore the 
cross-section integrated to J>0 MeV obtained in this work is 
smaller, by a factor of nearly four, than Rubin and Walter’s, 
but compares favourably with the measurements of Titterton 
and Brinkley (Ti54) who used 14*8 and 17*6 MeV gamma radiation
n
from the Li (p,Y) reaction and whose results are shown in 
figure 4*6a.
It is interesting to make a comparison of the experimental 
total absorption cross-section with the estimate based on the 
dipole sum rule of Levinger and Bethe (Le50)
/aT (E) dE = 0.06 (NZ/A) (1 + 0.8x)
Such a comparison has been made by Fast et al. (Fa60), who
estimated the total absorption cross-section by summing known
7photonuclear cross-sections for Li . They incorporate a value 
of 60 MeV-mbn for the (Y,p) cross-section based on the results
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of Rubin and Walter. Good agreement is found if x, in the
sum-rule expression, is taken as 0,6. Since this (y >p )
cross-section is available only to J O MeV, and, being derived
from residual activity measurements, is due only to reactions
going to the ground state of He^ (and possibly the first excited
state), it has probably been underestimated. Support for this
belief is given by the results of Fast et al. (Fa60) for the 
T 6Li (y,n)Li cross-section which is substantial above J O MeV.
This cross-section at the higher energies is in agreement with 
an estimate, by Barker (Ba57)» using a sum-rule calculation of 
about 27 MeV for the harmonic mean energy for electric dipole 
absorption, W^, defined by
poo
I a (E) dE
ruo E”  ^ a (E) dE
A similar result, E = 29 MeV, for the position of the 'giant1
&
resonance follows from the formula of Carver and Peaslee (Ca60) 
for closed shell nuclei also supports this view.
Although Fast et al. probably overestimated the (Y>n) cross 
section, since all neutrons were accepted, including those from 
reactions involving the emission of two neutrons, it is thought 
tha/b the present results give a better comparison with the sum-
rule limit since there is now room for at least as much cross-
section above J>0 MeV as below, as suggested by the value 
of the estimated harmonic mean energy.
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CHAPTER V
PHOTQNUCLKAR REACTIONS IN THE TITANIUM ISOTOPES
5*1 Introduction
In this chapter measurements of the activation 
functions for the (Y,np) and (Y,n) reactions in Ti^ and 
the (Y)P) reactions in the other four isotopes of titanium 
are discussed.
The investigation of these reactions was part of a 
program of work to examine the differences in photonuclear 
reaction cross-sections for the same or similar medium- 
weight nuclei. Carver and Turchinetz (Ca59b) have described
58 62such measurements with the two nickel isotopes, Ni^ and Ni
They show that there is a predominance of protons over neutrons
58emitted from the excited Ni nucleus by a factor of 2*4* As 
these authors point out, this result is hard to reconcile with 
either the statistical model, using the parameters given by 
Blatt and Weisskopf (BI52), or the independent particle model. 
The latter model, adopting Wilkinson*s view, predicts that, as 
far as the resonant-direct component is concerned, the lower 
proton separation energy will ensure that a higher number of 
protons will escape, but also that the total direct fraction
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w i l l  o n ly  be abou t 3^ t;o 4&/o rem a inder so t h a t  th e  s t a t i s t i c a l  
model p r e d ic t io n  rem ains im p o r ta n t. A resum e o f s t a t i s t i c a l  
model c a l c u la t io n s  and p a ram e te rs  i s  g iv e n  in  Appendix IV.
However some s t a t i s t i c a l  model c a lc u la t io n s  by D ostrovsky  e t
a l .  (Do59) o f th e  r a t i o  o f p ro to n s  to  n e u tro n s  e m itte d  from 
58Ni show t h a t  i f  a s u i t a b le  p a i r in g  energy  v a lu e  i s  chosen  
th e  r e q u ir e d  enhancem ent o f p ro to n  e m iss io n  can be o b ta in e d . 
S c o tt  (Sc54) has a l s o  shown how a ro u n d in g  o f th e  Coulomb 
p o t e n t i a l  b a r r i e r  can le a d  to  an in c re a s e  in  th e  number o f 
p ro to n s  e m itte d . This e f f e c t  can be in c lu d e d  in  a  s t a t i s t i c a l  
model c a l c u la t io n  by u s in g  an in c re a s e d  n u c le a r  r a d iu s .  From 
th e se  comments i t  can be seen  th a t  by an a p p ro p r ia te  ch o ice  
o f p a ra m e te rs ,  th e  s t a t i s t i c a l  model can be made to  accommodate 
a  r e l a t i v e l y  h ig h  r a t i o  o f p ro to n  to  n e u tro n  em ission  from 
e x c i te d  n u c l e i .
I n  th e  domain o f p a r t i c l e  r e a c t io n s  in  medium -weight 
n u c le i  th e re  i s  th e  same tendency  f o r  more p ro to n s  th a n  n e u tro n s  
to  be e m itte d  (Co59) a lth o u g h  Cohen and R ubin c la im  th a t  n e i th e r  
th e  s t a t i s t i c a l  model n o r a  s in g le  n u c le o n -n u c le o n  r e a c t io n  
model i s  c o n s is te n t  w ith  th e  d a ta .  The d is c u s s io n  h a s  been 
c a r r i e d  f u r t h e r  by E isb e rg  (E i60) who c la im s th a t  n u c le o n -  
nu c leo n  c o l l i s i o n s  can acco u n t f o r  th e s e  r e s u l t s .  In  c o n t r a s t ,  
th e  im p o rtan ce  o f th e  s t a t i s t i c a l  model f o r  c e r t a in  (n ,p )
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r e a c t io n s  h a s  been  s t r e s s e d  by A lla n  (A l6 l) . I t  sho u ld  be 
rem em bered, how ever, t h a t  f o r  th o se  r e a c t io n s  in  w hich 
d i r e c t  p ro c e s s e s  a re  im p o r ta n t , s i m i l a r i t i e s  in  th e  em issio n  
o f p a r t i c l e s  a re  n o t ex p ec ted  and hence c a re  i s  needed when 
draw ing c o n c lu s io n s  from  any l ik e n e s s e s  betw een r e a c t io n  
p ro d u c t y i e ld s .
B ecause o f th e  v a r i a t i o n  in  th e  p a ra m e te rs  used  to  f i t  
e x p e rim e n ta l r e s u l t s  to  t h e o r e t i c a l  p r e d ic t io n s  any com parison  
made f o r  a s in g le  r e a c t io n  te n d s  to  be m e a n in g le ss . However, 
i f  a number o f  m easurem ents a re  made w ith  c lo s e ly  r e l a t e d  
n u c le i  i t  may be p o s s ib le  to  draw some v a l i d  c o n c lu s io n s  s in c e  
th e re  i s  l e s s  j u s t i f i c a t i o n  fo r  changing  p a ra m e te rs  to  s u i t  
in d iv id u a l  r e a c t io n s .
N eig h b o u rin g  is o to p e s  in  n a tu r a l  t i ta n iu m  a l l  d i f f e r  by 
j u s t  one n e u tro n  and so p r e s e n t  a  group o f q u i te  s im i la r  n u c le i t  
th e  main v a r i a t i o n  w ith in  th e  group from  th e  p o in t  o f view  o f 
n u c le a r  r e a c t io n s ,  i s  in  th e  d i f f e r e n c e  betw een th e  ex ce ss  
energy  a v a i la b le  fo r  p ro to n  em issio n  and t h a t  a v a i la b le  f o r  
n e u tro n  em iss io n , a f t e r  a llo w an ce  has been made f o r  p a i r in g  
e n e rg ie s .  W ith th e se  is o to p e s  t h i s  ex cess  energy  ra n g e s  from 
+3 MeV to  -1 IvIeV as th e  v a lu e  o f  atom ic mass in c r e a s e s ,  as
shown in  ta b le  5*1
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Table 5.1
Energetics of Gramma Induced Reactions in the 
Titanium Isotopes for Gamma Ray Energy = 22 MeV
Initial
Isotope
Binding Energy 
(MeV)
Particle emitted 
neutron proton
Pairing Energy 
(MeV)
Particle emitted 
neutron proton
E-E^ (MeV) 
(equation 5*2) 
Particle emitted 
neutron proton
Difference
(MeV)
Ti46 13-3 10.5 -1*7 -1.4 7.0 10.1 3.1
Ti47 8.8 10.4 -3.1 0.0 10.1 11.6 1.5
Ti48 11.5 11.3 -1.7 -1.3 8.8 9.4 0.6
Ti49 8.1 11.3 -3*0 0.0 10.9 10.7 -0.2
Ti5° 11.0 12.2 -1.7 -1.5 9-3 8.3 -1.0
Although no example has been obtained in this investigation, 
using residual radioactivity, in which both the (Y,p) and (Y,n) 
reactions can be observed in the same isotope, the cross sections 
for reactions in different isotopes can be related if the statistical 
model is valid, and if it is assumed that the total photon absorption 
cross sections axe the same except for a scale factor, proportional 
to NZ/A. This factor is obtained from the dipole sum rule. For the 
, A
energy E is given by
ax (E,N,Z) _ K A, Fx(E,N,A) 2. F. (E,H‘ ,A>) 
o (E.N'.Z) N' A F (E,H',A*) X. fY e ,N,A)
c/ d J J
(r,y) the ratio of the cross sections at an
(5-1)
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where the F function for particles of type x is given by
n E-
F (E) x
*b
C  oo (<= )lO(E-E^ - e) d 6. (5.2)
E^ is the binding energy; is the capture cross section for 
the inverse reaction (usually approximated by the ground state 
value); is the energy level density in the residual nucleus;
differs from by the pairing energy. The parameters in 
these equations are discussed in Appendix IV.
5*2 Method
The techniques for irradiating samples and measuring the
residual activities have already been described.
Titanium targets consisting of stacks of nine 0,010 inch
thick foils, -f- inches in diameter, giving a surface density of
1,04 g/cin', were exposed for three hours at synchrotron energies
ranging in 1 MeV steps from 14 MeV to 3”! MeV. Relative yield
curves were obtained from the activities of the radioactive 
45 44 46 47 48isotopes Ti , Sc , Sc , Sc and Sc . Details relating
to these isotopes are given in table 5*2.
An independent measure of the positron yield was obtained
by a second set of irradiations, each of fifteen minutes duration.
The yields were obtained from gamma-ray spectra, except for the 
50 / % 49Ti (Y,p)Sc reaction. In this case the yields were obtained
T able 5.2
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D e ta i ls  o f O bserved R e s id u a l A c t iv i ty
R adio­
is o to p e
A c t iv i ty
H a l f - l i f e
Gamma-ray 
Energy (keVJ
R e a c tio n
form ing
r a d io ­
is o to p e
I s o to p ic  
Abundance 
o f  i n i t i a l  
is o to p e
R eferen ce
T i45 ß+ ,EC; 3 -0 7 T i46(Y ,n) 7 .9 9 S t5 8
h r T i47(Y ,2n) 7 .32
Sc44 ß+ ,E C ; 3 -9 0 1159 T i46(T ,np) 7 .9 9 S t5 8 ,  B155
h r
Sc46 ß" ! 8 3 .9 892, 1118 T i47(Y ,p) 7 0 2 S t5 8 ,  Ge57
day T i48(Y ,np) 7 5 -9 9
Sc47 ß "  ; 3 -4 0 160 T i4 8 (Y ,p) 7 5 -9 9 S t 58
day T i4 9 ( r ,n p ) 5-46
Sc48 ß“ ; 44 h r 986, 1040, T i49( r , P ) 5-46 S t5 8 ,  Va57
1314 T i5Ü( r ,n p ) 5-25
So49 ß~ ; 57 m ? i 5°(Y ,p ) 5-25 St58
2
by i r r a d i a t i n g  s in g le  f o i l s  ( th ic k n e s s  0 .12  g/om~) f o r  p e r io d s  o f 
one hour and m easu ring  th e  b e ta  s p e c tr a  w ith  an a n th ra cen e  c r y s t a l  
s c i n t i l l a t i o n  d e te c to r .  The c r y s ta l  was 1 .5  in c h e s  d ia m e te r  and 
had a th ic k n e s s  equal to  th e  ran g e  o f a 3 MeV e le c t r o n .  The b e ta  
spectrum  above 1 MeV i s  m ain ly  due to  th e  Sc ^  is o to p e  (b e ta  
spectrum  end p o in t  1 .8  MeV).
A ll i r r a d i a t i o n s  w ere m o n ito red  w ith  ta n ta lu m  f o i l s  and by
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measuring the Ta**881“ activity.
5*3 Absolute Yields
The yields for the reactions Ti4^(Y,p), Ti48(Y,p) and
49/ \Ti u,pj were found relative to the yield of the annihilation
radiation produced in the Ti46(Y,n) reaction as described in
chapter II. The latter activity was then related to that from
the Cu'"(Y»n) reaction. In this way counter efficiencies and
absorption corrections need only be determined relative to
those for the annihilation radiation photopeak. The relative
efficiency for gamma-rays of energy 1.28 and 0.511 MeV was 
22found using a Na source reproducing the conditions employed
with the titanium samples. Corrections for the coincidence
44summing due to the gamma-ray cascades in the isotopes Sc ,
Sc and Sc were made.
For the reaction Ti^(Y,p), the yield at JO MeV, relative 
to Ti4^(Y,n) was obtained by making a Fermi plot of the beta 
spectrum above 1 MeV on the assumption that this is due only
49to Sc ", having an end point energy of 1.8 MeV. This was
extrapolated back to zero energy and a thin source spectrum
calculated. Repeating this measurement with the positron 
62 45emitters Cu and Ti which have end point energies of 2*9
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and 1.1 MeV respectively and comparing the results with 
those obtained by measuring the intensity of the annihilation 
radiation with a Nal spectrometer under conditions where the 
efficiency is known, a value of 0.15 + 0.04 was obtained for
49the efficiency in counting the Sc activity.
The yield for the Ti^ (y,n) reaction, including the 
Ti47(Y,2n) contribution, relative to the Cu^(Y,n) yield was 
measured using a single foil of titanium to obtain good counting 
conditions. The only corrections to the measured positron yield 
ratio' are due to self-absorption in the two discs and differences 
in the source volume of the annihilation radiation. These 
corrections were estimated to be less than 1-2^. Six independent 
measurements of the relative positron intensity were made to 
average out errors due to bremsStrahlung beam fluctuations 
(nominally zero) and variations in positioning of the samples 
in the counting apparatus.
5*4 Decay Schemes
The main details for the different decay schemes are 
summarised in table 5*2, where specific references are given. 
Where several different schemes are reported, an average has 
been taken from those quoted in the compilation of Strominger, 
Hollander and Seaborg (St58), and are given below.
Figure 5>1
Activation curves for the nhotodisintegration 
of titanium.
Curve As Ti^; Curve B: S c ^  (ground state
decay); Curve C: Sc^; Curve D: Sc^;
48 49Curve Es Sc ; Curve Fs Sc .
FIG 1
■ I '11
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45 - / +For Ti , the e /ß ratio was taken as the theoretical
47value of 0.14« In the case of Sc , the fraction of the 
disintegrations associated with the 0.16 MeV gamma-ray was 
taken as 0.66.
In observing the activity from sc44>44m^ ? Ha6l),
it was found that the 270 keV gamma ray from the 2.4 day isomeric
transition was too weak to be observed so that only part of the
reaction yield monitored by the 1.16 MeV gamma ray (half-life
3*9 hr) was measured. A value of 0.07 was used for the electron
capture to positron emission branching ratio in the decay of the
Sc ^  ground state. Meadows et al. (Me56) report a value of
QvJ°g = :f?or reac^^ -on Sc^(p,pn). Since the spin of the
isomeric level in S c ^  (l=6) is closer to the ground state value
in Sc^ (1=7/2) than in Ti^^ (l=0), the value of am/a for the 
46Ti (y,np) reaction is expected to be less than 0.5, if the 
statistical theory of nuclear reactions is assumed.
5*5 Results
The energy dependence of the cross-sections is measured is 
illustrated in figure 5*2. These were derived from the yield 
curves shown in figure 5*1*
Table 5*3 gives the integrated cross sections. The errors 
quoted arise in part from the measurements of absolute yields
Figure 5*2
Excitation function for the photodisintegration 
of titanium
Curve As Ti^(Y,n) + 1.09 Ti^(Y,2n); Curve 
B: Ti^(Y,np); Curve C: Ti^(Y,p) + 10.1 Ti^ö(Y,np);
Curve D: Ti^(Y,p) + 0.07 Ti^(Y,np); Curve E:
Ti^(Y,p) + O.96 Ti^°(Y,np); Curve F: Ti^°(Y,p).
IEnergy — MeV
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Table 5.5
Integrated (to 31 MeV) Cross Sections
Reactions Relative
Weights
Integrated cross section 
MeV-mbn
Ti46(Y,n) : Ti47(Y,2n) 1 : 1.09 26O+34
Ti4^(Y,np) - 8.8+1.4 *
Ti47(r,p) t Ti^Y.np) 1 : 10.1 246 + 38
Ti48(r,p) : Ti49(r,np) 1 : O.O7 217+32
Ti49(Y,p) i Ti5°(r,np) 1 : O.96 86 + 13
Ti5°(Y,p) - 113132
Upper limit. The partial cross-section from the 
Sc formed in the ground state is 4»4 MeV-mbn.
at 30 MeV. They are derived from the error given by Berman 
and Brown (Be54) for the Cu (Y>n) cross-section, the errors 
in the yields derived from the decay curves by the least squares 
method together with an estimate of the errors involved in the 
determinations of counter efficiencies and absorption corrections.
A further contribution of has been allowed for the uncertainties 
in converting yields to cross section in the bremsStrahlung 
unfolding process. Because of the similar shapes of the (Y,p) 
cross sections, the relative (Y,p) cross sections will be more
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accurate than this indicates. In those cases where two 
reactions give the same residual activity, the cross sections 
given are the sums of the cross sections weighted by the 
relative abundance of the original titanium isotopes. As 
indicated by the value of the Ti^(y,np) cross-section as well 
as previously measured values of (Y,np) and (Y,2n) reactions, 
e.g. Ni^Ö(y,np + Y,2n) (Ca59)> it is not expected that (Y,2n) 
or (Y,np) reactions contribute much more than 5 to the 
observed integrated cross sections except in the case where 
Ti^(y,p) and Ti^(y,np) both lead to Sc^. Here the cross- 
section for the (Y,np) process is weighted by a factor of ten 
by the isotopic abundance.
The measured value of the Ti (Y,np) has been multiplied
by a factor of two to allow for the fraction involving the
44isomeric level in Sc . The modified value is expected to be 
an upper limit to the cross-section.
5*6 Discussion
The high values of the position of the peak cross section 
agree with the results of Silva and Goldemberg (Si58) for the 
Ti*^(Y,p) and Ti^(y,n) reactions, but their ratio for these 
cross sections is significantly smaller than the present work.
Table 5*4 gives a comparison of cross-section ratios 
calculated from statistical theory, with the measured values
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for gamma radiation with an energy of 22 MeV. Values for 
calculations based on the level density formulae of Cameron
energies supplied by Cameron have been used, while the inverse
cross sections were taken from the table in Blatt and Weisskopf
(BI52) for proton reactions (r equal to 1*5 fm) and from the
compilation by Howerton (H058) of semi-empirical cross-sections
for neutron reactions. An assessment of the parameters used in
these calculations is given in Appendix IV. The comparison
indicates that the statistical model overestimates the size of
46the neutron yield from Ti and the relative proton yields from 
the odd-A isotopes. The relative proton yields are not very 
sensitive to the values of the exponents in the level density 
formulae. The effect on a cross-section ratio R, of varying 
the pairing energy for one of the residual nuclei, is given, 
approximately, by
where TJ is the average excitation energy of the residual nucleus,
the titanium isotopes are, typically, 4 if Cameron’s formula is 
used or 7 as calculated from Newton’s formula. For an average 
excitation energy of 10 MeV, a cross-section ratio would change
(Ca58) and Newton (Ne56) are given. In both cases the pairing
A R/R =
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TABLE 5.4
Comparison of Experimental Results with Statistical Theory 
Predictions for Gamma Rays of 22 MeV
Experimental Theoretical
Level Density 
after Newton 
(Ne56)
Level Density 
after Cameron 
(Ca58)
Ti47(Y.n)
Ti^ Cr.p) 0.81 1.21 1.24
Ti49(T,u)
Ti^ r.p) 0.39
0.77 0.70
Ti5°(r.D)
Ti^ r.p) 0.45 0,59 0.61
Ti46(Y,n)
0.98 2.44 1.87
hy a factor of about 1.4 for a change in pairing energy of 
0.5 MeV. Since the experimental values are probably uncertain 
by 15-25$ and the effects of direct processes have not been 
allowed for, it is not possible to come to a conclusion other 
than the results are consistent with reactions that can be 
described with the statistical model with the possibility of 
a small admixture of direct processes. It does not seem likely 
that direct reactions involving transitions to states of low 
excitation are important because the cross-sections for the
48 / v 49/ vreactions Ti and Ti u,pj are markedly different even
though the target nuclei have the same Z and the reactions have
the same threshold value
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CHAPTER VI
CROSS-SECTIONS FOR (y.n) REACTIONS INVOLVING 
NUCLEAR ISOMERS
6.1 Introduction
The decay of the nuclear dipole state produced by 
absorption of gamma radiation by the emission of different 
types of particle can be predicted, in principle, by the 
extreme independent particle model or the statistical model.
The difficulties encountered when attempting to make 
quantitative assertions have already been described. 
Uncertainties in the numerical values of the inverse capture 
cross-sections and the density of nuclear levels together 
with a lack of information concerning the direct emission of 
particles do not allow unambiguous conclusions.
Reactions that result in the emission of the same kind of 
particle can be compared under conditions where these uncertain 
factors are the same for both reactions. Reactions which lead 
to the production of the residual nucleus in an isomeric state 
as well as the ground state provide specific examples. Unlike 
the problem of the competition between proton and neutron decay, 
the analysis in this case depends on being able to predict the 
detailed decay of the excited system to low-energy states in
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th e  r e s id u a l  n u c leu s . The r e la t iv e  frequency w ith  which the
two f in a l  s t a t e s  a re  p o pu la ted  depends on th e  sp in s of the
i n i t i a l  and f i n a l  s t a t e s ,  the  d is t r ib u t io n  of sp in  in  the
in te rm e d ia te  s ta t e s  and th e  escape w idths fo r  gam m a-radiation
and th e  p a r t i c l e s  invo lved ; u n fo r tu n a te ly  most of th i s
in fo rm atio n  i s  n o t a v a i la b le .  C onsequently, th i s  approach,
which can be regarded  as complementary to  th a t  invo lv ing
d i f f e r e n t  types o f p a r t i c l e s ,  cannot be ve ry  f r u i t f u l  i f  used
to  in v e s t ig a te  r e a c t io n  mechanisms. However, i f  i t  assumed
th a t  th e  r e a c t io n  can be d e sc rib ed  by th e  s t a t i s t i c a l  model
and th e  decay, by gamma r a d ia t io n ,  o f th e  e x c ite d  re s id u a l
nucleus proceeds as i f  th e  gamma ra y  w idths have an energy 
3
dependence, E , then  i t  shou ld  be p o s s ib le  to  e x tra c t  some 
in fo rm atio n  about the  d i s t r ib u t io n  o f sp in s  through the  e x c ite d  
s ta t e s  of the  re s id u a l  n u c leu s .
Huizenga and Vandenbosch (Hu60) have p u b lish ed  a s im p lif ie d  
method of p re d ic t in g  th e  r e l a t i v e  c ro s s -s e c t io n s  fo r  (Y,n) re a c t io n s  
in  the  same nucleus le ad in g  to  an isom eric  s ta t e  and the  ground 
s t a t e .  The r a t i o  i s  c a lc u la te d  as a  fu n c tio n  of the  d is p e rs io n  
param eter a which L- c h a ra c te r is e s  the  sp in  dependence o f th e  
n u c le a r  le v e l  d e n s ity .
In  th i s  in v e s t ig a t io n  e leven  isom eric  (Y ,n) c ro s s -s e c t io n  
r a t i o s  were measured fo r  n u c le i  w ith  59 A ^ 1 9 8 .  The r e s u l t in g  
e s tim a te s  o f a a re  compared w ith  v a lues o b ta in ed  by o th e r methods 
and w ith  th e  v a lu es  p re d ic te d  by th e o r e t ic a l  le v e l  d e n s ity
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formulae which have been corrected to account for shell 
effects.
6.2 The Spin Dependence of Nuclear Level Densities
Although the variation of the nuclear level density
with excitation energy and with shell structure is now fairly
well understood (Er60, A161) much less is known about its
dependence upon angular momentum. The spin distribution is
expected to be a function of the nuclear moment of inertia
and the familiar (2J + 1) rule applies only if the moment of
inertia can be regarded as infinite.
The most direct way to determine the spin distribution is
to measure the energies and spins of a statistically significant
number of levels in a given nucleus. This has been done by
Hibden (Hi59, Hi6l) who used high resolution neutron spectro-
24 ^scopy to determine the parameters of 71 levels in Na and 66 
28levels in A1 . With a less complete evaluation of the spins of 
individual levels, Ericson (Er59) and Carver and Jones (Ca6Cb) 
inferred spin distributions by comparing the total level density 
with the density of levels of a particular spin value.
The limited amount of information available from these 
enumerative methods may be supplemented by less direct data. 
Douglas and Macdonald (Do596) and Ericson and Scrutinski (Er58) 
have placed limits on the spin distribution by studying the
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angular distribution of particles evaporated from highly- 
excited compound nuclei. Huizenga and Vandenbosch (Hu60) 
have shown, that, in compound nucleus processes, the relative 
cross-sections for the formation of a residual nucleus in its 
ground state and an isomeric state may be used to obtain semi- 
quantitative information about the spin distribution of the 
excited states*
In the present experiments the methods of Huizenga and 
Vandenbosch have been used to analyse (Y,n) isomeric cross- 
section ratios for the nuclei listed in figure 6.1. The reactions 
were produced in the giant resonance region using bremsstrahlung 
of JO MeV maximum energy. No attempt was made in this survey 
experiment to study the variation of the cross-section ratios 
with gamma-ray energy. Other experiments (Ka52, Ka53> Si56) 
have shown that, at least in the giant resonance region, the 
isomer ratio is approximately constant.
The spin dependence of the nuclear level density is often 
approximated by the expression
energy U for levels of spin J and spin 0. This M(2J + 1) 
approximation" is not valid for large values of J. A better 
approximation, sufficiently accurate for the present purposes,
(6.1)
where p (U,J) and p (U,0) are the densities at excitation
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is (Er60)
p  (U,J) = (2J + l)yO(W,0) exp |-J(J + 1)^ 2o2j (6.2)
where all factors independent of J have been merged into 
p  (U,0). Equation (6•1) corresponds to setting a = oo 
in equation (6.2).
The important dispersion parameter a which characterises 
the spin distribution (6.2) is related to the temperature t 
and the moment of inertia i  = c -ft2 by
a2 = ct = $  t/h2 (6*5)
It is sometimes convenient to compare J with the rigid-
body value $  given by
4  = c h2 - § MAR2 (6.4)
where M is the nucleon mass, A the mass number and R the
-13nuclear radius. For a radius parameter r = 1.2 x 10 'cm
( * / > !  75 ^ HeV-i (6.5)
6*3 The Calculation of the Cross-section Ratios
Huizenga and Vandenbosch have used the statistical model 
to calculate a semi-quantitative relationship between a for 
the residual nucleus and the isomer ratio. They have described
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the details of the calculation and the method will be only 
briefly given here. It is assumed throughout that sufficient 
levels are available to justify the use of statistical 
formulae.
There are three steps in the calculation: (a) formation
of the compound state at E1 absorption; (b) neutron decay of 
the compound state to form excited states of the residual 
nucleus; (c) gamma-ray cascades from these excited states 
to the two isomeric levels.
In the present case electric dipole absorption in the
giant resonance region is assumed to account for most of the
(Y,n) yields so that for a target nucleus of spin zero the
compound state will have J « 1. If the target nucleus has
ground state spin Jq^=0 the compound state is assumed to
take up one of the values J = J - 1, J , J + 1  withc o o o
probabilities proportional to (2J + 1). The peak energyc
of the gamma-ray absorption can be well-represented by 
the expression (Ca60)
Em = ^40A~1/5 + 7.5^ MeV (6.6)
The probability for neutron decay of the compound 
nucleus is determined by level density parameters and by 
the barrier penetrabilities for neutrons of different
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energy and an g u lar momentum. The r e s u l t in g  d i s t r ib u t io n  
of J -v a lu e s  fo r  the  e x c ite d  s ta t e s  o f the re s id u a l  nucleus 
i s  c a lc u la te d  fo r  a  range of v a lu es  o f a ( ty p ic a l ly  o' = 
2 ,3 ,4 ,5 ,c »  )• A tem peratu re  o f 1 MeV has been assumed and 
the  c a lc u la t io n s  have been made f o r  the  mean neu tron  e n e rg ie s  
(about 2 MeV). F o r tu n a te ly , as shown by Huizenga and 
Vandenbosch, the f i n a l  d e te rm in a tio n  of o' i s  no t very  
s e n s i t iv e  to  v a r ia t io n s  in  the  assumed tem peratu re  fo r  
n eu tro n  ev ap o ra tio n ; in  ty p ic a l  c ases  assuming t  = 0 .6  MeV 
changes o' by 1C$.
I t  i s  assumed th a t  th e  decay of the  e x c ite d  s t a t e s  o f 
th e  r e s id u a l  nucleus c o n s is ts  o f a cascade o f d ip o le  r a d ia t io n  
which s y s te m a tic a lly  broadens the  sp in  d i s t r ib u t io n  o f th e  
po p u la ted  s ta t e s .  This p a r t  of the  c a lc u la t io n  is  again  
c a r r ie d  through fo r  a  range of v a lu es  o f o'. The p r o b a b i l i ty  
th a t  th e  lo w -ly ing  isom eric  p a i r  w i l l  be reached in  1, 2, 5, 4 •• 
gamma-ray t r a n s i t io n s  i s  c a lc u la te d  from the  gamma-ray spectrum  
p re d ic te d  by the  s t a t i s t i c a l  th eo ry  (B la t t  and W eisskopf B152). 
The s t a t i s t i c a l  assum ption of a  con tinuous energy d i s t r ib u t io n  
of s t a t e s  and a  smooth dependence on J  i s  o f course q u ite  
u n tru e  in  the  re g io n  o f the  low -ly in g  isom eric  p a i r .  Follow ing 
Huizenga and Vandenbosch i t  i s  assumed th a t  the  l a s t  gamma-ray 
t r a n s i t i o n  p o p u la tes  th a t  one o f the  isom eric  le v e ls  which
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involves the smaller spin change. This is equivalent to 
splitting the theoretical spin distribution at a J-value 
midway between that of the competing levels. If a third 
state occurs between the isomeric levels it is assumed that 
the competition occurs between the intermediate state and 
the metastable state.
It will be appreciated that these calculations are very
crude and it is not to be expected that the values of a
which may be suggested by this analysis should do more than
indicate the general magnitude of the spin parameter and its
variation with atomic weight. In order to simplify the
calculations any variation of o with excitation energy U
has been neglected. This is not strictly correct since as
2
shown by equation (6.3) o varies with t, i.e. approximately
1
as U*. Also it is known from studies of rotational spectra 
that at low excitation energies the moment of inertia ^  is 
less than the rigid body value $ Q by a factor of two or 
three but at higher values of U the destruction of correlations 
among the nucleons is expected to increase j • Since a is
proportional to 4*it is expected to be an increasing
function of U and the present analysis should therefore be 
interpreted as indicating approximate values of a at excitation 
energies of ~  4 - 5 MeV*
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In performing these calculations, no consideration was
given to the parities of the initial and final levels nor the
effects of the direct emission of particles. It was considered
that the inclusion of these effects was not warranted because of
the approximations already included. Some remarks by Hummel (Hu6l)
on the isomer ratios resulting from (Y,p) reactions in the tin
isotopes are interesting because he compares the ratios predicted
by both the statistical model and the Wilkinson model and finds 
118that for Sn both models give similar values in agreement with
his experimental values. He points out, however, that for similar 
120 122 124reactions with Sn , Sn and Sn Yuta and Moringa obtain 
markedly different ratios. This is not surprising for (Y,p) 
reactions since it is well known that direct effects must account 
for most of these reactions. The interpretation of these results 
is not simple because it is likely that the part played by the 
formation of more highly excited levels is important. With the 
(Y,n) reactions dealt with here, it is expected that the major 
portion of the reaction can be adequately described by the 
statistical model.
6.4 Experimental Method and Results
Samples of the target materials in either elemental or 
oxide forms were irradiated with bremsStrahlung of J O MeV 
maximum energy produced by the Canberra electron synchrotron.
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The samples were contained in thin-walled aluminium cans 
(O.75 in. diameter by 0.25 in. thick) and were wrapped in
cadmium foil to reduce slow neutron capture in the targets.
58 80For a few nuclei, such as Cc> and Br , it was possible to 
deduce the initial populations of both isomeric levels from 
analysis of the ground-state decay curve alone. Usually, 
however, irradiations of different periods were needed for 
separate study of each level; such measurements were related 
by using tantalum foils to monitor the beam intensity by means 
of the 8.15 hr Ta^*^11 activity produced in the Ta^(Y,n) 
reaction.
The residual activities were measured and analysed by 
the methods described earlier.
The results of these experiments are listed in Table 6.1 
in which and Y^ are the relative cross-sections for production 
of the high and low spin levels. The ratios Y^/(Y^ + Y^) were 
calculated as a function of the spin parameter a, using the 
method described in the previous section, and the best values 
of a were determined by comparison with the measured ratios.
The errors in the derived values of c shown in Table 6.1 arise 
entirely from the experimental errors in the measured isomer 
ratios. Additional uncertainties are inherent in the crude 
theoretical treatment of the present analysis and it is unlikely 
that the estimated values of a are accurate to better than one unit.
TABLE 6.1
Isom eric  R atio s  from (Y>n) R eac tions
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T arge t R esidual N ucleus Isomer r a t i o
Nucleus
J
O Ground s ta t e M etastab le  s ta te I n te r -
m ediate
s ta t e y1/ ( y 1 + y
a
Spin H a l f - l i f e Spin H a l f - l i f e Spin
Co59 7/ 2 ' Co58 2+ 7 1 . 3d 5+ 9.2h 0.44  + 0.02 3 .2 + 0 .2
Ge76 0+ Ge75 1/2" 82m 7/ 2+ 49 s 0 . 4 8 + 0.07 2 .8 +  0.5
Br81 3/ 2“ Br80 1+ 18m 5“ 4»4h 2” O.32+O.O2 6 .5 +  1 .0
S r86 0+ S r85 9/ 2+ 64d 1/2" 70m 7/ 2+ O.36 + O.O7 2 . 2 + 0.4
Zr9° 0+ Z r89 9/ 2+ 79h 1 /2“ 4«4h O.33 + O.IO 2 .8 +  0.7
Mo92 0 MO91 9/ 2+ 15. 7m 1/2" 66 s 0.46 + 0.04 c + 4 6 - 2
Ag1^ 1/2“ Ag106 1+ 24m 6 8.3d 0.04  + 0.02 2 .0  + 0 .3
in 115 9/ 2+ I n 112 1+ 14. 5m 4+ 20.7m 7” 0 .8  +0 .1 3.1 + 0 .7
Cd116 0+ Cd115 1/2+ 53R 1 l/2 ” 43d 0.2 3
Ce14° 0+ Ce1?9 3/ 2+ 140d 11/2“ 55s 0.08  + 0.01 2 .5  + 0.2
Hg198 0+ Hg197 1 /2“ 65h 13/ 2+ 24h 3 / 2 :
5 /2
0.05 +0.01 3 .4  + 0.5
Previous work
Br81
(Ka52) 3 / 2 “ Br80 1+ 18m 5“ 4»4h 2“ 0.33 6.5
„ 82Se
(S i56) 0* Se81 1 /2” 18m 7/ 2+ 57m O.3 3.0
Z r9°
(K a53) 0+ Z r89 9/ 2+ 79h 1/2" 4* 3m 0.44  +, 0.06 4 .5  + 1
I n 115
(G053) 9/ 2+ I n 114 1+ 72s 5+ 50d ( T i 2 2 . 5 b)2 0.85
5.0
The y ie ld s ,  Y^  and Y^, a re  fo r  (Y,n) r e a c t io n s  ending in  the  isom eric 
or ground -  s t a t e .  The y ie ld  Y^  i s  fo r  the  h ig h e r-sp in  s t a t e .
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6.5 Discussion
The results of four other (T5n) measurements are included 
in Table 6.1 and they have been similarly analysed. The results 
for Br (Ka52) and Zr 7 (Ka53) are in fair agreement with the 
present measurements.
197 58The isomers of Hg and of Co*^  are particularly interesting 
since they have been produced in a number of nuclear reactions.
For Hg 7> the experiments of Vandenbosch and Huizenga (Va60) and 
the present experiment show that despite an order of magnitude
V Y
and (n,2n) reactions, the results are all consistent with a spin
parameter a = (4+ 1). Weigold and Glover (We62) have studied
58three reactions producing the isomers of Co • Their results,
and the present (Y>n) result, are consistent with a = (3*5 +1)*
These examples show that consistent values of a are obtained from
this simple analysis and provide some justification for the
assumptions of the statistical model in this case.
The results of Table 6.1 are plotted in fig. 6.1 together
with determinations of a from the following sources: (a) High
24resolution neutron spectroscopy and level assignments in Na 
28and A1 by Hibdon (Hi59> Hi6l). These are the most accurate 
data, (b) Comparison of the density of levels of a particular 
spin with the total level density (Er59> Ca60). (c) Isomeric
ratios in particle induced reactions (Va60, We62)-(d) Anisotropy
15/2) for (r,n), (p,n)(d,2n)variation in the ratio Y15/2
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of angular distributions in compound nucleus processes (Do59b). 
Only upper or lower limits to the value of a have been obtained 
by this last method.
It is of some interest to compare these estimates of a with
those which would obtain for a rigid body nuclear moment of
inertia = cQ h^ with Cq = J  75^ ^ eV  ^ (eqn. 6.5)*
2Since c = ct it is necessary to estimate the temperature at
the comparatively low excitation energies ( U ^  4 - 5 MeV) to
which these values of a correspond. Recent analysis (LeC59) of
nuclear reaction data indicates t ^  5,6A'^ MeV. With these
assumptions the curves of fig. 6.1 show the expected variation
of a with A for moments of inertia C = Cq, Cq/2 and Cq/4.
Some of the variation in the estimated values of a shown
in fig. 6.1 may be expected to arise from failure of the
statistical assumptions on which the calculations are based.
80The large estimate for Br for example would be reduced almost 
to the rigid body value if it were assumed that the intermediate 
2 state did not intervene in the competition between 1+ ground 
state and the 5 metastable state.
A somewhat smoother representation of the data is obtained 
if some allowance is made for shell effects. The moment of 
inertia is written in the form
Cs
2m g (6-7)
Figure 6.1 
Measurements of o
The upper curve indicates roughly where the 
points would lie if the moment of inertia were 
always that of a rigid body, and the other 
curves correspond to respectively one-half and 
one-quarter of this. The points representing 
the results of Douglas and Macdonald (Do59b) 
are limiting values only.
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2 2 where m is the mean square magnetic quantum number, g = 6a/*K
is the density of single particle states at the Fermi energy
and a is the usual level density parameter. Newton (Ne56)
expressed g in the form
8 = K^ )n + 3Z + A2/5 (6.8)
and tabulated values of the mean neutron and proton j-values
j and j • Lang (La6l) has obtained the value 0.0455 for the n z
empirical constant K and Lang and Le Couteur (LeC59) have 
shown that
m2 ^  0.146A2/5 (6.9)
so that
Cs = 0.00664 (jn + 3Z + 1) A4/3 (6.10)
Table 6.2 lists values of Cg calculated from eqn. (6.10) and the
corresponding value of a = / C t. The temperature t was obtaineds y s
in each case from the value of a implied by eqn. (6.8) for an 
excitation energy equal to the mean value at the beginning of the 
gamma-ray cascade.
The ratio C CA listed in Table 6.2 is often much less than s o
unity reflecting the strong fluctuations in g with mass number and 
the corresponding fluctuations in the moment of inertia about the
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TABLE 6.2
Comparison of a from Experim ent and S h e ll Theory
R esidua l
Nucleus
ag(MeV)’ 1 as a /  a '  s c /c  '  s c / c  s ' 0 c /c  '  0
Na24 (H i6 l) 2.75 1.8 1.02 1.04 1.02 1.06
A l28 (H i5 9 ) 2.63 1.9 0 .94 0.88 0.78 0.69
Co58 8.95 3 .0 1.07 1.14 0.78 0.89
Cu59 (Ca60) 7.12 3-3 0.75 0.57 0.62 0. J 5
Go79 15.4 3-5 0.80 0 .64 0.88 0.56
Br30 18.4 3.6 1.8 3-2 0 .94 3.0
Se81(S i56) 18.6 3.8 0.79 0.62 0 .94 0.58
S r85 18.5 3 .4 O.65 0.42 0.88 0.37
Z r " 18.4 3*3 0.84 0.70 0.80 0.56
Mo91 26.9 3-4 1.8 3-2 1.12 3.6
a 1°6Ag 3 5 0 4.4 0.46 0.21 1.06 0.22
T 112 In 35 .0 4 .5 0.69 0.48 1.03 O.5O
Ce159 29 .6 4 .4 0.57 O.32 0.60 0.19
Hg197 50.2 5*3 0.64 0.41 0.57 0.23
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average rigid body value of eqn. (6*5)» The ratio ojo^  of
the experimental values of the spin parameter to those
calculated with the inclusion of shell effects is plotted
in fig* 6.2. The trend of the points in fig. 6.2 is smoother
80 91than in fig. 6.1 although the values for Br and Mo are 
still high.
The general trend of the data of fig. 6.2 shows that 
a / ao is approximately unity for k ^  $0 and falls to about 
0.6 for A 100. This implies that the moment of inertia is 
approximately equal to the shell corrected value for light 
nuclei and falls to about one third this value for heavy nuclei.
Figure 6.2
Comparison of a from experiment and shell theory
Results for a/a are plotted against A; the s
dotted line is to suggest the general trend of the 
points. The points for Br and Moy lie outside 
the diagram at a/a = 1.8. The quantity g (Eqn. 6.8) 
is shown in the inset, in which arrows indicate 
positions of the nuclei for which results are
plotted
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CHAPTER VII
THE Br79(Y.n) REACTION
7*1 Introduction
The (Y»n) reaction in Br has been investigated by-
Katz, Pease and Moody (Ka52) for gamma rays of energy up to
24 MeV. The present work was intended to extend these measure-
79/ \ments to J>0 MeV and, in addition, to determine the Br u»n; 
excitation function. The latter reaction results in the residual
70
nucleus Br which was thought to be formed in the ground- and an
isomeric-state both of which decayed with a half-life of about 6
minutes (St58). It has been found subsequently that the 6 minute
isomer level has a half-life of only 120 psec. However, it was
considered completing the measurement of the excitation function
and comparing it with the function obtained for the reaction in
the heavier isotope. The comparison is of interest because of
the reported cross-section for (Y>n) reactions in the antimony
isotopes. Katz and Cameron (Ka5l) ascribe a higher cross-section
to the reaction in the lighter of the two isotopes not withstanding
123the lower value of the neutron binding energy for Sb . Some
112recent work by Kuo et al. (Ku6l) for the reactions Sn (Y,n) and 
124Sn (Y,n) also shows this tendency but in this case the effect
100
can be explained by competition from the (Y»2n) reaction
. q 124 in Sn
In addition to the residual radioactivity caused by the
T7(y»n) reactions some gamma radiation from Br (half-life
58 hr) was observed but the counting rate was small and the
81activity obscured because of the Br (n,y) reaction as well 
as by some unknown activity with a half-life of about 15 hours. 
It was not possible to obtain a yield curve for the Br^(Y,2n) 
reaction.
It is intended in this chapter, therefore, only to report
7Q 78the measurement of the excitation function for the Br ^(Y»n)Br 
reaction together with a measurement of the reaction yield 
relative to that for the Cu ^(Y^n) reaction.
7«2 Experimental Method
Targets of sodium bromide were made by pressing cylinders 
from powder, ■§■ inch in diameter and 0.3 inches thick. These 
were irradiated as described in chapter II at synchrotron 
energies ranging from 11 to 32 MeV in 1 MeV steps. Monitoring 
foils were of copper and the resulting positron activities from 
the copper and bromine measured separately.
The relative yield at 30 MeV for the Br^(Y»n)Br^8 and
6 3 62Cu ^(Y>n)Cu reactions was determined by irradiating a mixture 
of copper and sodium bromide powders. The resulting decay curve
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fo r  th e  a n n ih i la t io n  r a d ia t io n  was an aly sed  fo r  the  9*7 min.
62 78and 6*5 min. components due to  the  Cu and Br ra d io is o to p e s .
No c o r re c t io n s  a re  n ecessa ry  fo r  a b so rp tio n  o r counting  e f f i -  
c ie n c e s .
7*3 Experim ental R esu lts  and D iscussion
The decay curves ob ta in ed  fo r  each sample i r r a d ia te d  d id  
n o t d i f f e r  s ig n i f ic a n t ly  from a s in g le  component decay curve 
fo r  p e rio d s  up to  5 h a l f - l i v e s  and th e  h a l f - l i f e  was determ ined  
to  be (6 . 5 + 0. 1) min. in  good agreement w ith  the  value o f 
(6 .2  + 0 .2 )  min. ob ta ined  by P ie rso n  and C o ry e ll.
The measured y ie ld  curve and d e riv ed  e x c i ta t io n  fu n c tio n  
a re  shown in  f ig u re  7»1« The r e la t iv e  y ie ld  a t  5O MeV was 
determ ined  u s in g  the  decay scheme fo r  Br suggested  by P ie rso n  
and C orye ll (P i6 0 ), and found to  be (2 .6 0  + 0 .1 5 ) . This v a lu e  
le ad s  to  a c ro s s - s e c t io n ,  in te g ra te d  to  50 MeV, of ( 1 .40 + 0 .2 0 ) 
MeV-bn.
Katz e t  a l .  g ive a v a lu e  o f 1.08 MeV-bn fo r  th e  t o t a l  
Br (Y»n)Br c ro s s -s e c t io n  in te g ra te d  to  24 MeV. This work 
g iv e s  a  com parative va lue  o f (1 .29 + 0 .18) MeV-bn fo r  th e  (Y»n) 
r e a c t io n  in  the  l i g h te r  bromine iso to p e . There i s  no s ig n i f ic a n t  
d if f e re n c e  in  the magnitude of the (Y,n) r e a c t io n s  in  th e  bromine 
is o to p e s . Katz e t a l .  have p o in ted  out th a t  th i s  r e s u l t  would be 
c o n s is te n t  w ith  the t o t a l  n eu tro n  y ie ld  from n a tu ra l  brom ine.
Figure 7«1
Br^(Y«n) Reaction
Curve A: Yield curve measured in arbitrary
units. Curve B: Cross-section, measured in
bns, as a function of energy.
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APPENDIX I
DETERMINATION OF REACTION YIELDS FROM MEASUREMENTS 
OF THE INTENSITY OF INDUCED RADIOACTIVITY
When a radioactive isotope is formed as a consequence 
of a nuclear reaction, it is convenient to define the yield 
A as the rate of formation of radioactive nuclei during the 
time the target is being irradiated. The absolute yield is 
determined by calculating the yield per target nucleus and 
per unit incident beam intensity.
Frequently, because a variety of isotopes may be present
in the target material and each may be involved in different
reactions with radioactive end-products, several radioactive
isotopes are formed together. The problem of distinguishing
the separate activities has already been considered in detail.
So that the method used to determine the reaction yield from
the intensity of the residual activity can be clearly stated,
two simplifications are made; (a) only one activity is present;
(b) the incident beam is switched on for a time T and ther
intensity remains constant for this period.
The yield can be calculated if the number of disintegrations 
that occur between the times T and (T + t) after the end of the 
irradiation is known. When this number, N(T,t), is found from
______________
A .1 .2
th e  counts reco rded  w ith  a coun ter having  an e f f ic ie n c y  <=■ , 
the  y ie ld  A can be determ ined from the  equations
A = X Nq J j -exp(-X T R) ] -1 (A I.1)
and
Nq = N (T ,t) ex p (.\T ) £ 1 -exp(-X  t )  J "**. £  (A I.2)
where "X i s  th e  d is in te g r a t io n  co n stan t a s so c ia te d  w ith  the  
r a d io a c tiv e  is o to p e , and
N i s  th e  number o f r a d io a c tiv e  n u c le i  a t  th e  end o f o
th e  i r r a d i a t i o n  p e rio d , i . e .  T = 0 . may be determ ined 
from a  s in g le  v a lu e  o f N (T ,t) or as a w eighted average o f 
s ev e ra l v a lu e s .
The e f f ic ie n c y  i s  given by
Z(1/V ( 1 /4 * ) /  dilPj. PR(1 - A J ( 1  - A j dV (AI. 3) s
where i s  the  volume of th e  source o f r a d io a c t iv i ty ,  s
S) i s  the  number o f p a r t i c l e s  or gamma ra y s  th a t  can 
be d e te c te d  p e r  d is in te g r a t io n  and
P j i s  th e  p ro b a b i l i ty  th a t  a  p a r t i c l e  or gamma ra y  
em itted  in to  a  s o l id  ang le  d!2 in te r a c t s  w ith  the  d e te c to r .
PR i s  th e  p ro b a b i l i ty  of a p a r t i c l e  be in g  recorded  a f t e r
in te r a c t in g  w ith  the d e te c to r
A.1.3
A is the probability of the radiation being absorbed s
in any substance interposed between the source and detector.
This expression is accurate for gamma rays losing their entire 
energy in a counter such as a sodium iodide scintillation 
detector but may need to be modified if scattering in the 
source or its environment is important. It does not include 
effects due to coincidence summing or an angular correlation 
between the multiple products*
For reactions induced by bremsStrahlung caused by electrons 
accelerated to an energy Eq and made to strike an internal target, 
the absolute yield A ^ ^ E ^  is defined byT a h
Aab(E0) = (1/Tt) d V j  o(E)F(dVt)P(E,Eo)dE (AI. 4)
t J T
where F(dV )P(E,E ) is the bremsstrahlung spectrum due tou O
electrons with energy Eq, normalised to unit electron charge 
hitting the internal target. The function P(E,Eq) used is given 
in Appendix II*
cj(e ) is the reaction cross-section for gamma rays of 
energy E and
is the volume of the target*
The absolute yield is related to A, given in equation 
(AI.1), by
A = Aab K MLi/W (A1.5)
A. 1 . 4
where M i s  th e  mass of the  t a r g e t ,  (assumed to  he a s in g le  
elem ent and homogenous) ,
L i s  Avogadro! s number,
i  i s  the  is o to p ic  abundance of the  iso to p e  involved  
in  the r e a c t io n ,
W i s  th e  chem ical atom ic w eight in  the  same u n i ts  as M 
and K i s  th e  charge s t r ik in g  the  in te rn a l  t a r g e t .  Using 
equatio n s  (A I.1) to  (A I.p ) , th e  fo llo w in g  ex p ress io n s  a re  
ob ta in ed  fo r  the a b so lu te  y ie ld
A ) ab o7 N (T ,t) exp(X T) j j - e x p ( - t)J  1
x [ 1- e x p U  I t ) ] " 1. £ -1 W/(KMLi) 
i t > pE
(1/VJ I FdV . o(E)P(E,E  )dE
“  * fp
(A I.6) 
(A I.7 )
U sually  only r e l a t i v e  y ie ld s  a t  d i f f e r e n t  Eq a re
measured and norm alised  to  th e  a b so lu te  y ie ld  as deduced
from a measurement of th e  y ie ld  a t  a s in g le  va lu e  of Eq
r e l a t iv e  to  th e  y ie ld  fo r  a r e a c t io n  whose c ro s s -s e c t io n
63 62i s  w e ll known e .g . Cu ^(y^ C u . Measurements of r e l a t iv e  
y ie ld s  under th e  same g eom etrica l arrangem ents fo r  i r r a d ia t in g  
and coun ting  the  subsequent d is in te g ra t io n s  can be determ ined 
i f  K, th e  charge c a r r ie d  by th e  e le c tro n s  s t r ik in g  th e  in te rn a l  
t a r g e t ,  i s  known*
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Since it is not practical to obtain an external electron 
beam with an electron synchrotron, it is not possible to 
measure K directly so an indirect method must be used to monitor 
the beam. One satisfactory way of doing this is to measure the 
yield of a reaction for which the cross-section is known well, 
e.g. Cu^(Y,n)Cu^2, Ta^8"* (Y,n)Ta180m, when the monitoring 
substance is irradiated at the same time and as close to position 
of the target as possible. A convenient procedure is to cut foils 
of copper or tantalum so that they will present the same surface 
area to the bremsStrahlung beam and place them in contact with 
the target. If this has appreciable thickness, foils in front 
and behind the target give a better sampling of the beam intensity 
in the target. The yield ^mon;j^0r» given by equation (AI.l) with 
the appropriate disintegration constant inserted, is proportional 
to the expression
monitor ^ T V n i t o r ^ ^ ’V ^
(AI.8)
Because of the way the monitoring foils are placed, the 
volume integral in (AI.8) is assumed to be proportional to the 
corresponding integral for the target even if the position of the 
target relative to the beam is not always the same, while the 
energy integral can be evaluted since amonj_^ or is known.
Therefore a measure proportional to K can be determined from the
A.I.6
monitor yields Amonitorv o(E ) and used to calculate relative
yields for the reaction involving the target.
When the method of beam monitoring described is employed, 
the problem of finding the ratio of absolute yields only involves 
measuring the target and monitor disintegration rates and 
calculating each efficiency £ using equation (AI.3). The 
particular methods used to obtain the relative value of for 
the radiation from the target and the monitor are described in 
the text.
When a set of target yields has been obtained, reaction 
cross-sections can be calculated by solving the integral equation 
(the normalising constant obtained from the absolute yields is
The method of solution is set out in Appendix II.
When the half-life of the radioisotope is shorter than
about one minute and the yield is small, a convenient way of
measuring with the required accuracy the number of disintegrations
is to irradiate, and count in situ, alternatively, keeping the
energy E^ fixed. If the time interval T between the ends of o c
successive irradiations is of the same order of magnitude as the 
half life, the calculated value of A will be too large and will
dropped)
(A1.9)
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need correcting because some of the observed disintegrations 
will be from nuclei formed during previous irradiations.
Under these conditions the number of counts M recorded in 
the interval between times T and (T + t) after m irradiations 
will be
M = [^exp(-p\ Tg)j
N [ l-ex p (-m ^ T c)^ /  jjl-exp(- A Tq)J
where N is given by
(AI.10)
(AI.11)
A £ l - e x p ( - \ T )J e x p ( - X l )  [ j - e x p ( - X t ) j  (AI.12)
If T , T , T, t and beajn intensity have constant values r c
over a set of n irradiations the accumulated count is given by
when n and (n\T ) are large, the following approximation c
is satisfactory
(AX.15)
A.1.8
The yield A is given by
A = XN[l-exp(-\Tc)]<c/ [j-exp(-X T^)J exp(-\ T) 
x jj-exp(-Xt) (AI.16)
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APPENDIX I I
A NUMERICAL SOLUTION OP THE EQUATION
f Eo
A(Eo ) = |  <r(E)P(E,Eo)dE
The f o l lo w in g  n u m e r ic a l  m ethod was u s e d  to  o b ta in  v a lu e s  
o f  c r o s s - s e c t i o n s  a(E ) from  y i e l d s  A(Eq) •
P a r t i a l  i n t e g r a t i o n  o f  th e  i n t e g r a l  and w r i t i n g
1 (E )
/ 'E
=JT ’(Ei)dEi ( A I I .1 )
l e a d s  to  th e  e x p re s s io n
A(Eo) = P (E o ,E o) l ( E o ) - P »(E ,E  ) l ( E ) d E ( A l l . 2)
w here
P '( E ,E  ) = d P (E ,E  ) dE ( A l l .  3)
U sing  a  c o n s ta n t  s u b - i n t e r v a l  o f  s i z e  h  th ro u g h o u t ,  th e  i n t e g r a l
i n  e q u a tio n  ( A l l . 2) can  be a p p ro x im a te d  w ith  th e  a id  o f  th e
E u le r-M cL a u rin  fo rm u la  so t h a t  A(E ) can  be w r i t t e n  i n  th e  fo rmo
o 7 o '
r ^ E 0- T ) /h
i >  I . . , .
O' 'Z -T s  o  ' O' ' 0
A ( E j  = P (E Ä, E j l ( E j  -  h ^  ~ P* ( E ^ -n h ,E ^ ) l ( E rt-n h )
+ i P ' ( E 0 ,E 0) l ( E 0) + (h 2/ l 2 )  j ( l / h )  [ P ' ( E 0 ,E 0) I ( E 0)
- p,(V*,*0)I(Vh)] } ( A l l . 4)
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By re a rra n g in g  ( A l l .4 ) ,  I (E q) can expressed, as
The I(E q) a re  determ ined , s t a r t i n g  a t  th e  th re sh o ld  energy, 
from th e  s e t  of equations ( A l l .5 ) .  Each su ccessiv e  eq u a tio n  of 
the  s e t  c o n ta in s  only one q u a n tity  which has no t been determ ined 
p re v io u s ly . The e x c i ta t io n  fu n c tio n  a(E) i s  ob ta ined  from 1 (e ) 
by d i f f e r e n t i a t io n ,  b u t s in ce  1 (e ) i s  c a lc u la te d  only fo r  a s e t  
of d is c r e te  evenly  spaced v a lu es  of E th e re  i s  l i t t l e  p o in t in  
ca rry in g  out the  d i f f e r e n t i a t io n .  The fu n c tio n  <j(e ) can in  
p r in c ip le  assume any value  w ith in  th e  in te r v a l  provided only  
th a t  th e  average value i s  given by the  f i r s t  d if fe re n c e  of the  
ta b u la te d  v a lu es  of th e  fu n c tio n  I ( e ) .
For brem sStrahlung induced r e a c t io n s ,  th e  fu n c tio n  P(E ,Eo) 
taken to  re p re se n t th e  spectrum  of the  gamma ra d ia t io n  o ccu rrin g  
when e le c tro n s  o f energy Eq h i t  a  th in  ta r g e t  i s  the form g iven  
by S c h iff  (Sc5*l). The p a r t  J (E ,E Q)dE o f th e  exp ression  f o r  th e  
in te n s i ty  in  th e  forw ard d i r e c t io n ,  th a t  i s  independent o f the  
angle made w ith  th e  p a th  o f th e  in c id e n t e le c tro n s , i s  
p ro p o r tio n a l to
21na -  (2 -  z ) 2 ( A l l .6)
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where
Z = Ey/ (E^ +  (i) (AII-7)
and
1/a2 « ^ z/2 (E q + p) ( 1 -  z j j  +
In these equations
E represents the photon energy in MeV 
Eq, the electron energy in MeV 
ji, the rest mass of an electron in MeV 
C, a constant with the value 111 
and 55 the atomic number for the target material.
The number of photons of energy E is proportional
[21/5/c] (All.8)
P(E,E ) = J(E,Eq)/E (All.9)
The author is indebted to Dr. D. W. Lang who programmed 
the solution of the equations (All.5) on the electronic 
computer (Siliac) at the University of Sydney.
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APPENDIX III
THE VARIANCE FOR THE NUMBER OF DISINTEGRATIONS IN A 
RADIOACTIVE SOURCE WHEN THE OBSERVED COUNT IS 
CORRECTED FOR COUNTER DEAD-TIME
If a number of disintegrations N are counted, provided 
no corrections are required, it is well known that the 
variance of the number N is also N. When an appreciable 
correction has to be made to compensate for counter dead­
time it is to be expected that the variance would be greater 
then the corrected count. So that the correct weight can be 
given in a least square analysis an expression for the 
variance is derived.
Suppose that the number of counts recorded with a pulse 
height analyser in a portion of a gamma ray spectrum in a time 
t is M and that the total number of counts recorded by the 
analyser in this time is M* where
M = KM’
Let p be a fixed time for which the analyser is paralysed 
after it has accepted a pulse. The true count N is given, 
for M ’X) small, by
T hen ,
A . I I I . 2
m = 6 M t(t -  M'yO ) ‘‘ 1t(M t/o / K ) ( t  -  M *p) -2 ÖM
ÖM t 2 ( t  -  M*yO ) -2
The v a r ia n c e  o f  N ,V arN , i s  g iv e n  hy  
VarN = VarM. (1 -
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APPENDIX IV
SOME NOTES ON THE STATISTICAL MODEL FOR NUCLEAR REACTIONS
AIV.1 Introduction
For the photonuclear reactions discussed in this thesis, 
the compound state formed by the absorption of high energy gamma 
rays is sufficiently highly excited for the continuum theory of 
Blatt and Weisskopf (BI52) to be applicable. The cross-section 
a(a,b) for the process in which a particle of type a is absorbed 
and a particle of type b emitted is given by
a(a,b) = ( ^ c . r j l r ,  (AIV.1 )
where (a )n is the cross-section for the capture of particle a 
and f\ is the probability that the excited state emits a particle 
of type b. It can be shown, using the principle of reciprocity, 
that the f \  can be expressed as proportional to the integral
max
^ (c.)n cj (E - 6 )d6 1 C max ' (AIV.2)
where the integration over the energy of the out-going particle 
covers the range from zero to the maximum energy with which the 
particle can be emitted. i-O (E) is the density of states in the 
residual nucleus which is left with an energy E.
A.17.2
For reactions involving the emission of different types 
of particles from the same excited nucleus, the ratio of
of the capture cross-section for the incident particle.
The purpose of this appendix is to examine the values of 
the parameters customarily used in calculations of this nature 
with particular reference to the photonuclear reaction in the 
titanium isotopes and the determination of the dispersion 
parameter that occurs in the expression for the spin dependence 
of the level density.
AIV.2 The Cross-section for the Inverse Reaction
Two simplifying assumptions are implicit in expression 
(AIV.2). The first is that the value of (a^)^ which should be 
the value for capture into the excited compound state can be 
approximated by the value for capture into the ground state. 
There is no strong evidence (La6la) to show that this assumption 
is likely to lead to an appreciable error.
The second point is that the expression (AIV.2) assumes 
that the dependence of the level density for levels with spin 
J is given by (2J +1). The arguments for the alternative form
cross-sections can be calculated as i  ^ I 2 and is independent
A* IV,3
where c is the dispersion parameter, are adequately summarised 
by Ericson (Er60). The capture cross-section can be expanded 
as
°c - (23 + 1> •"S2 Tj (AIT.4)
where the T. are the potential barrier transmission coefficients 
for particles carrying away j units of angular momentum. 
Consequently, the single integral should be replaced by a sum, 
over o, of integrals. For reactions in medium weight nuclei, 
Douglas and Macdonald (Do59b) give a discussion of the importance
64of this modification. By considering the compound nucleus Cu 
formed in (n,n), (n,p), (p,n) and (p,p) reactions they show for 
this nucleus that the modified version of the J dependence of 
the level density is not likely to alter continuum model 
calculations by more than about 20^,
AIV.3 Level Densi t.v Formulae
The development of level density formulae from Bethe's 
original paper is covered in Ericson's review paper (Er60). 
Treating the nucleus as a Fermi gas, Bethe (Be36) derived the 
expression
D = (AIV.5)
where D is the density of levels with spin zero, U the nuclear
A.IV.4
excitation energy and a and K numbers dependent on the 
nuclear mass but independent of the excitation energy. It 
was realised by Weisskopf and Ewing (We40) that this result 
needed modifying to allow for the number of protons or neutrons
for odd-odd nuclei, about 1.68 (l-A/400) for odd mass nuclei 
and twice this value for even-even nuclei. Further discussion 
on this topic is given by Newton (Ne56)» Cameron (Ca58b) and 
also Lang and Le Couteur (La59c).
Systematic departures from this formula have been associated 
with nuclear shell structure and shell effects have been included 
in the semi-empirical formulae of Newton (Ne56) and Cameron (Ca58b) 
The parameters in these formulae were determined by fitting the 
known level spacings determined from slow neutron capture reactions 
The fits are therefore limited to excitation energies between 6 
and 10 MeV. If the level densities calculated from these formulae 
are equated to an expression of the type given by(AIV.6) and values 
of a determined, these are found to be energy dependent, but for 
excitation energies above 5 MeV the variation amounts to about V/o 
per MeV for medium weight nuclei. Although Cameron's results
in the nucleus being even or odd. Hurwitz and Bethe (Hu5l)
suggest that effect is best represented by writing
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give a "better fit to the slow neutron data than Newton's, 
his values of a are smaller by nearly a factor of two and 
are inconsistent with the experimental results for charged 
particle reaction involving higher excitation energies.
Recently, a number of reviews of experimentally 
determined values of a have been made (La6lb, Er6l, Va6l).
In one of these (La6lb) Lang recommends that Newton's formula 
adequately represents the available data provided his values 
for a are increased by 20$.
Finally, to illustrate the effects of using the different
formulae for the nuclear density and varying the parameter a,
ratios of cross sections for (Y,p) and (Y>n) reactions in the
titanium isotopes were calculated using the formulae of
Newton and Cameron as well as the expression given as (AIV.6)
for which values of a of 2, 5 and 10 were inserted. The pairing
energies given by Cameron were employed in each case. The
results of these calculations are displayed in figure AIV.1.
It is apparent that these ratios are relatively insensitive
to the value of a if the effective excitation energies of the
residual nuclei (gamma ray energy minus the sum of the pairing
energy and binding energy) are not markedly different. It can
also be seen from expression (A3V.6) that the change in the level
density due to a change in pairing energy A U  is given,P
Figure A.IV.1
Continuum model calculations for the ratios 
of a(Y>p)/o(Y,n) for the titanium isotopes 
In all cases the pairing energies given
by Cameron have been used
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approximately, by
cLD/D = - (U/a)® A  U ,
for sufficiently high excitation energies. The nucleus 
49Sc has a closed shell for 28 neutrons. This has been 
allowed for in the calculations using both Cameron*s and 
Newton*s equations, but not in the calculations involving 
expression (AIV.6).
The values used for the inverse reaction capture cross- 
section were taken from Howerton*s semi-empirical neutron 
data (H058) and, for the proton reactions, from the table 
in Blatt and Weisskopf (BI52). In the latter case the set 
of values for the larger value of rQ (1•5 fm) was chosen.
As shown by Scott (Sc54), taking a large value for rQ is 
equivalent to a rounding of the edge of the nuclear potential 
well and enhances the emission of charged particles over that
of neutrons.
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